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Iceland is an ocean island that occurs along a spreading ridge, the Mid-Atlantic 
Ridge (MAR). A comprehensive noble gas investigation that included all five of the 
stable noble gases on samples from different volcanic centers in Iceland is needed so that 
the noble gas isotopic and elemental ratios can be compared with those from other ocean 
island basalts (OIBs) to further understand the origin and degree of mantle noble gas 
isotopic heterogeneity. 
The noble gas elemental and isotopic ratios from 26 different samples of youthful 
age ( <15 ka) basalts from 13 localities in Iceland are reported here; a total of 28 olivine, 
one pyroxene and 9 glass separates were analysed. The 3He/4He ratios in samples well-
shielded from cosmic rays range from 12 + 2 to 29 + 3 Ra. The 3He/4He ratios from 
partly-shielded samples extend from values as low as 8.3 + 0.8 Ra, close to the average 
mid ocean ridge basalt (MORE) ratio, to as high as 75 + 7 Ra (total gas ratios). The 
neon isotopic ratios from well-shielded samples predominantly lie close to either the air-
solar mixing line or the MORE trend. The maximum 20Ne/22Ne ratio is 11.98 + 0.56. 
Neon isotopic ratios near the air-solar mixing line have not been described previously in 
mantle-derived samples and are the most significant results from this study. Neon 
isotopic ratios of the total gas released from partly-shielded olivine samples 
predominantly lie on a trend that is intermediate between the air-solar mixing line and the 
MORB trend. The 40 Ar/36 Ar ratios range from the atmospheric ratio to a maximum 
value of 1229 + 150. The krypton isotopic ratios from this study are indistinguishable 
from the atmospheric ratios at the one sigma uncertainty level. The xenon isotopic ratios 
are generally indistinguishable from the atmospheric ratios at the one sigma uncertainty 
level in all but one sample (ice-9g). The maximum value of the l29Xe/130Xe (6.67 + 
0.09) and 136Xe/130Xe (2.22 + 0.03) ratios in sample ice-9gl are 2% higher than the 
atmospheric ratio. 
There are at least two possible means of preserving the near-solar neon isotopic 
ratios in the Icelandic plume source. One is if the near-solar neon isotopic ratios are 
derived from a plume source with a [N e801arJ/[U + Th] ratio that is at least nine times 
higher than that in the MORE source. This estimate assumes that the U and Th contents 
of the MORB and the Icelandic plume sources are similar. Owing to the highly 
incompatible nature of neon during mantle melting, a mantle source that has a high 
[N e801arJ/[U + Th] ratio is likely to be relatively unmelted and undegassed. A relatively 
unmelted region of the mantle is inferred to have a composition that is close to the 
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postulated primitive mantle composition. The near-solar neon isotopic component in 
some Icelandic basalts may therefore originate from a primitive, undegassed mantle 
component in the Icelandic plume source. This component is believed to comprise only a 
small proportion of the material sampled by the Icelandic plume so that it has little 
influence on the observed neodymium, strontium and lead isotopic compositions of the 
basalts. An alternative possibility is that the gases with near-solar neon isotopic ratios in 
the Icelandic plume source were derived from the Earth's core. This scenario is 
considered highly speculative owing to the lack of experimental evidence to show that 
noble gases could be stored in iron-nickel alloys under the pressure and temperature 
conditions that exist in the core. 
To further understand the compositions of mantle sources sampled by the 
Icelandic plume, the trace element compositions of eight Icelandic natural glass separates 
from picritic and tholeiitic basalt samples were analysed by LA-ICPMS. The 
incompatible element ratios reveal a large range in compositions, with Nb/U from 50.9 to 
104, Nb/Th from 16.2 to 34.1 and Ce/Pb from 24 to 36. The maximum observed ratios 
in these Icelandic basalts are well above the range observed in OIBs and MORBs, with 
Nb/U = 47 + 10, Nbtrh = 15 + 1.7 and Ce/Pb= 25 + 5. The Nb/U, Ce/Pb and Nbtrh 
ratios from this study of Icelandic basalts are linearly correlated. The Th/U ratios in 
Icelandic basalts, OIBs and MORBs are near-constant and close to ~3, showing that 
fractionation of Th and U has not caused fractionation of the Nb/U and Nb/Th ratios in 
these Icelandic basalts. 
The relatively homogenous Nb/U, Nbtrh and Ce/Pb ratios in most OIBs and 
MORBs have previously been used to argue that OIBs cannot be derived directly from 
melting of primitive mantle. Instead, following extraction of continental crust, the OIB 
and MORB sources are postulated to have been well-mixed to produce relatively 
homogeneous incompatible element ratios. In contrast, the mantle source sampled by the 
Icelandic plume does not appear to be homogeneous in terms of trace element ratios. 
The maximum Nb/U ratio measured in this study of Icelandic basalts of near 100 is close 
to previous estimates for the composition of the mantle fallowing extraction of 
continental crust. This suggests that after extraction of the continental crust from the 
postulated primitive mantle composition, the mantle source of Icelandic plumes may not 
have been well-mixed. 
Additional compositional heterogeneity may have been introduced into the 
Icelandic plume at shallow levels in the upper mantle beneath Iceland, where MORB 
material may be entrained into the Icelandic plume as it is spread laterally by the 
diverging lithospheric plates along the MAR. Mixing between plume and MORB end-
members may produce a range of chemical compositions. The lead, strontium and 
neodymium isotopic ratios of Icelandic basalts from the Reykjanes Peninsula overlap 
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normal MORB compositions, so that on geochemical grounds, MORBs are a possible 
end-member that mixes with the Icelandic plume .. 
The near-solar neon isotopic ratios measured in some Icelandic basalts in this 
study are expected to be coupled with near-solar helium isotopic ratios. Contrary to 
expectations, the helium isotopic ratios measured in Icelandic basalts are much lower than 
the possible range of solar 3He/4He ratios (100 to 320 Ra). Binary mixing between 
MORB-derived and plume-derived noble gases, in which the He/Ne ratios in at least one 
of the two end-members is fractionated, is postulated to explain the apparent-decoupling 
of helium and neon isotopic ratios in Icelandic basalts. The range in 129Xe/130Xe and 
136Xe/130xe ratios observed in one sample from this study and in results from previous 
studies of Icelandic basalts may result from addition of MORB-derived xenon, with 
relatively radiogenic xenon isotopic ratios, to plume-derived xenon, with relatively 
unradiogenic xenon isotopic ratios. The proposed binary mixing model is consistent 
with the helium, neon, argon, and xenon isotopic ratios in Icelandic basalts. 
The binary mixing model was further evaluated using noble gas elemental ratios 
in Icelandic basalts. The elemental ratios produced by a binary mixture of OIB and 
MORB end-members should lie between the ratios in these end-members. An Icelandic 
sample that has elemental ratios within the range of compositions observed in OIBs and 
MORBs is consistent with mixing between a plume and MORB component with 
3He/22Ne8 ratios of 5 and 25, respectively. This plume 3He/22Ne8 ratio (5) is close to the 
primordial mantle ratio, and the MORB 3He/22Ne8 ratio (25) consistent with the range of 
fractionated elemental ratios observed in MORBs. The majority of Icelandic basalts 
from this study have elemental ratios that lie on different trends than those observed in 
OIBs and MORBs. Following the proposed mixing described above, the noble gas 
elemental ratios in these Icelandic samples may have been further fractionated by 
processes including preferential helium loss, solubility controlled fractionation and 
crystal-melt fractionation as the magma ascended through the crust via dikes to the 
surface. These elemental fractionation processes would not affect the noble gas isotopic 
ratios. 
The most important finding from this study is the discovery of near-solar neon 
isotopic ratios in Icelandic basalts because they imply that very primitive mantle material 
is preserved in the Icelandic plume source. 
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Introduction 
CHAPTER 1: INTRODUCTION 
1.1 Purpose and aim of investigation 
The Earth and its atmosphere contain the noble gases, helium, neon, argon, 
krypton and xenon, whose elemental and isotopic ratios can be used to help understand 
processes that occurred during the Earth's formation, as well as subsequent melting and 
degassing processes. Mantle-derived noble gases can be analysed because they are 
commonly trapped in minerals and quenched glasses in mantle-derived lavas erupted at 
intraplate settings as ocean island basalts (OIBs) and along spreading ridges as mid-
ocean ridge basalts (MORBs ). 
Analyses of noble gases from OIBs and MORBs have shown that the Earth 
contains components of primordial gases, i.e., those isotopes of gases that were present at 
the time the Earth formed and have not been augmented by radioactive decay or 
nucleogenic processes. Some of the primordial gases are interpreted to have been 
incorporated from the solar nebula during or shortly after accretion. The distribution of 
these solar primordial gases in the Earth's mantle is not well known. The processes of 
partial melting, degassing and radioactive decay cause changes in some of the isotopic 
ratios of the noble gases (e.g., 21Ne/22Ne, 3He/4He, 40Ar!36Ar). Consequently, the noble 
gas isotopic ratios of samples that originate from different parts of the mantle can be 
used to elucidate the extent of processing and degassing of the various mantle sources. 
The noble gas isotopic ratios may thus provide insights into the degree of mantle 
heterogeneity, which, in turn, can provide insights into the scale of mantle convection. 
In many localities where noble gas investigations have been undertaken, only the 
3He/4He ratios of mantle-derived samples have been analysed. Although relatively high 
3He/4He ratios in OIBs compared with MORBs have provided important evidence to 
support the origin of OIBs as derived from mantle plumes that have mantle source 
regions that are distinct from sources of MORBs, additional important information can 
be derived from analyses of the other noble gases, especially neon, argon and xenon. 
The aim of the present project was to analyze the elemental and isotopic 
compositions of all five stable noble gases in mantle-derived basaltic samples erupted in 
Iceland for the purpose of placing additional constraints on the degree of mantle 
heterogeneity in the source regions of OIBs. Such constraints may help us to 
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understand the degree of stirring in the mantle. Previous investigations of helium 
isotopic ratios from Icelandic samples had revealed relatively high 3He/4He ratios 
compared with those observed in samples from adjacent MORBs. Similar high 3He/4He 
ratios have been measured in Hawaiian basalts, and are associated with relatively solar-
like neon end-member isotopic ratios. The presence of such high 3He/4He ratios in 
Icelandic basalts suggests that the other noble gases, such as neon, may have 
compositions similar to those found in Hawaiian basalts. Recent investigations of 
Icelandic basalts have included analyses of all the noble gases on samples obtained from 
one locality. A comprehensive noble gas investigation of Icelandic basalts that included 
analyses of all the noble gases from a range of geographic localities had not yet been 
undertaken. This made Iceland an ideal target for a noble gas investigation. 
1.2 Thesis organization 
Chapter 2. Noble gas introduction and background 
This chapter presents an overview of noble gas geochemistry, including basic noble gas 
geochemical data. In the first section, the geochemical characteristics of the noble gases 
are summarized. In the second section, the physical-chemical processes that cause noble 
gas elemental fractionation are explained, and a model for multistage solubility controlled 
fractionation by bubble formation is presented. In section three, the noble gas isotopic 
compositions in the solar system are compared with the isotopic ratios in terrestrial 
mantle-derived samples and the atmosphere. The general arguments for degree of 
degassing of the Earth's mantle and the origin of the atmosphere as derived in part from 
degassing the mantle are explained. Atmospheric evolution models are then summarized 
to show how noble gas geochemical data may be used as a tool to help to explain the 
degassing history of the Earth and the formation of the Earth's atmosphere. Finally, the 
noble gas elemental ratios in MORBs and OIBs are described. 
Chapter 3. Geophysical versus geochemical perspectives on mantle 
convection 
In this chapter, geochemical arguments for a layered mantle, comprised of an upper, 
relatively degassed and depleted mantle, and a lower, relatively undegassed and 
undepleted mantle, are compared with geophysical arguments for whole-mantle 
convection. The noble gas data are evaluated in the context of whole mantle convection 
models to understand how the geochemical evidence and geophysical models might be 
reconciled. One important aspect of this problem is to explain how relatively solar-like 
helium and neon isotopic compositions are preserved in the mantle source regions of 
ocean island basalts (which are believed to originate from plumes derived from the lower 
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mantle), compared with less solar-like helium and neon isotopic compositions in mid-
ocean ridge basalts (which are thought to be derived from the upper mantle) if the entire 
mantle is stirred by convection. 
Chapter 4. Geology, petrology and geochemistry of Icelandic basalts 
This chapter provides an overview of the Icelandic regional geologic setting, and how 
interaction of the Icelandic plume with an active spreading center, the Mid-Atlantic ridge 
(MAR), causes Icelandic basalts to be largely erupted along the Neo-Volcanic Zones, the 
sub aerial extensions of the MAR. Interaction of the Icelandic plume melts with MO RB 
melts may influence the geochemistry of the Icelandic basalts. The major element, trace 
element and lead, strontium and neodymium isotopic compositions of Icelandic basalts 
are described and briefly evaluated to understand the possible origins of magmas that 
produce Icelandic basalts. Additional trace element results from this study are then 
provided and compared with previous trace element results from Iceland. The 
incompatible element ratios, including Nb/U, Nb/Th and Ce/Pb data from this study are 
compared with previous incompatible element studies of OIBs and MORBs to 
understand the possible processes that give rise to the unusual incompatible element 
ratios in Icelandic basalts. 
Chapter 5. Previous and new noble gas results from Icelandic basalts 
The data from previous noble gas investigations of Icelandic basalts are presented, 
fallowed by the new helium, neon, argon, krypton and xenon isotopic data from this 
study of Icelandic basalts. The results from this study are then compared with the results 
from previous noble gas investigations of Icelandic basalts. The noble gas results from 
this study are different from those obtained in previous noble gas studies of samples 
from the same areas. In particular, some of the neon results from this study are more 
solar-like than those described in any other terrestrial samples. 
Chapter 6. Noble gas isotopic ratios in Icelandic basalts 
The discussion of noble gas isotopic data is divided into three separate sections. First, 
the isotopic data from some Icelandic samples that were only partly shielded from cosmic 
rays are evaluated to determine whether they preserve meaningful information about 
mantle-derived noble gases. Second, a general explanation is given for the means by 
which near-solar neon isotopic ratios measured in this study may be preserved in the 
mantle. Finally, a model involving binary mixing between the Icelandic plume and 
MORE-derived noble gases is presented to explain the range of helium, neon, argon and 
xenon isotopic ratios in Icelandic basalts from this study and previous studies. 
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Chapter 7. Noble gas elemental abundance ratios in Icelandic basalts 
The noble gas elemental ratios in Icelandic basalts elemental ratios are first evaluated to 
determine whether they are consistent with the binary mixing model presented in Chapter 
6. A sequence of elemental fractionation processes that may produce the observed large 
range in elemental ratios in the majority of Icelandic basalts from this study is then 
described. 
Chapter 8. Synthesis 
An overview of the major findings and interpretations presented in this thesis. With the 
exception of this chapter, which does not include cited references, cited references are 
provided at the end of each chapter for the reader's convenience. 
Appendix 1. Sample locations and petrographic descriptions 
Appendix 2. Major and trace element analytical methods 
Appendix 3. Noble gas analytical methods 
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CHAPTER 2: NOBLE GAS INTRODUCTION 
AND BACKGROUND 
This general introduction to noble gas geochemistry is intended to illustrate how the 
noble gases may be used to help understand the formation and evolution of the Earth and 
its atmosphere. A brief summary of basic geochemical data is provided, including a 
discussion of the reactions and processes that produce the non-primordial isotopes of the 
noble gases. This will be followed by the identification of solar system and terrestrial 
noble gas reservoirs, and presentation of the isotopic and elemental noble gas ratios in 
terrestrial reservoirs. This information is used to evaluate the noble gas compositions of 
mantle-derived samples to understand the degassing history of the mantle and the 
formation of the atmosphere. 
2.1 Geochemical characteristics of noble gases 
The noble gases, helium, neon, argon, krypton and xenon, are chemically inert and 
do not form stable compounds with other elements under known terrestrial conditions. 
The isotopes of the noble gases (Table 2-1) are stable with the exception of radon, whose 
isotopes have very short half-lives. In the solar system, the noble gases are not 
necessarily "rare gases," as they are sometimes called. Helium is known to be the 
second most abundant element in the solar system, after hydrogen. The solar system 
primordial abundances of the heavy gases, argon, krypton and xenon, are believed to fit 
into empirical elemental abundance curves that are based on the compositions of 
carbonaceous (C-1) chondrites. The noble gas abundances are obtained by interpolation 
between the abundances of neighbouring elements. Estimates for the abundances of the 
lighter gases, helium and neon, are based on spectral analyses of solar flares. Although 
the noble gases are abundant in the solar system, they are rare in the Earth's atmosphere, 
with krypton and xenon constituting only 1 and 0.09 parts per million (ppm) in the 
atmosphere, respectively, and argon about 1 % by volume of the atmosphere (Ozima and 
Podosek, 1983). 
The noble gases have a large range in atomic masses from 3 atomic mass units 
(amu) (3He) to 136 amu (136Xe). Each noble gas has two or more isotopes (Table 2-1). 
The difference in mass between the isotopes of the noble gases is as high as 33% 
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(between 3He and 4He), but the maximum mass difference between most isotopes 1s 
much lower (e.g., close to 10% between 20Ne and 22Ne). 
The isotopes of the noble gases are of two types (Table 2-1): (1) non-primordial 
isotopes, which are produced by radioactive decay, fission, and nucleogenic reactions, and 
(2) primordial isotopes, which are not produced in appreciable quantities in the Earth and 
are therefore interpreted to be derived from the materials that formed the Earth. For 
example, 22N e is regarded as a primordial isotope because, although it is produced by 
nucleogenic reactions involving 25Mg (Table 2-2), this contribution is not significant to 
the total abundance of 22N e in the Earth. 
Table 2-1. Isotopes of the noble gases 
He Ne Ar Kr Xe 
Atomic number 2 10 18 36 54 
Mean atomic mass 4.0026 20.183 39.948 83.80 131.30 
Primordial isotope(s) 3 20, 22 36, 38 84 130 
Radiogenic or 4 21 40 78, 80, 124, 126, 
nucleogenic isotopes 
82, 83, 128, 129, 
86 131, 132, 
134, 136 
Some of these radiogenic and nucleogenic isotopes ( commonly denoted by an 
"*" with the exception of radiogenic 4He) will be discussed extensively in later 
chapters. In particular, the production of 4He from alpha decay of U and Th (Table 2-2), 
40 Ar* from 4°K via radioactive decay (Table 2-2), and production of 21 Ne* by 
interaction of alpha particles with target nuclides such as 180 via the Wetherill reactions 
(Wetherill, 1954) in the mantle (Table 2-3) are of great significance in relation to the 
isotopic and elemental ratios in mantle-derived samples. Significantly, the 4He/21 Ne* 
production ratio in the mantle and crust is nearly constant, both at present and integrated 
over 4.5 Ga (Table 2-3). This near-constant production ratio results in correlated 
3He/4He and 21Ne/22Ne ratios in mantle derived samples, as will be discussed in more 
detail in later sections. 
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Table 2-2. Selected radiogenic, nucleogenic and spontaneous fission reactions that 
produce noble gas isotopes 
Isotope Radioactive Nucleogenic Spontaneous Half life, Yield, 
Parent fission Ga atom/atom 
3He 6Li(n,a)3H(6-)3He 
4He 232Th 14.010 6 
4He 23su 4.468 8 
2°Ne 17 O( a,n)20N e 
21Ne 18o(a,n)21N e 
22Ne 25Mg(n,a)22N e 
40Ar 40K 1.251 
83-86Kr 23su 4.468 
129xe 1291 0.017 1 
131-136xe 23su 4.468 136xe = 
3.5 X 10 -8 
131-136xe 244pu 0.082 136xe = 
7 X 10-S 
From Ozima and Podosek (1984) 
Table 2-3. Nucleogenic neon and radiogenic 4He production over 4.5 Ga and current 
production rates calculated for typical mantle_ and crustal compositions 
Isotope Production rate over 4.5 Ga Present production rate 
cm3STP/g cm3STP/g year 
mantle crust mantle crust 
2°Ne 1.35 X lo- 13 1.45x10-ll 1.74 X 10-23 1.86 X lo-21 
21Ne 1.45 X 10-l2 1.50 X 10-l0 1.86 X 10-22 1.92 X 10-20 
22Ne 3.02 X 10-l4 4.10 x 10-l l 3.98 X lo-24 5.23 X 10-2 l 
4He 3.20 X 10-5 3.20 X 10-3 4.15 X lo-l5 4.15 X 10- 13 
Production ratios, 4.5 Ga Production ratios, present 
2°Ne/22Ne 4.47 0.35 4.37 0.36 
21Ne/22Ne 48 3.66 46.7 3.67 
4He/21 Ne 2.21 X 107 2.13 X 107 2.23 X 107 2.16x107 
4He/40 Ar( a) 1.7 5 
After Yatsevich and Honda (1998), based on an estimated U content of 20 pp b 
for the mantle and 2.0 ppm for the crust, with Th/U = 3.0, except for (a) which 
is from Honda and Patterson (1999) based on a mantle K/U ratio of 12700 
(Jochum et al., 1983 ). 
2.1.1 Cosmogenic nuclides 
In addition to being produced in the mantle, isotopes of noble gases are also 
produced at or near the Earth's surface. Cosmic ray-induced spallation of target nuclei 
in the rock matrix is the predominant mechanism by which noble gases are produced at 
or near the Earth's surface. For example, spallation of the target atoms 180 and 24Mg 
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produce coupled 3He and 21Ne (Lal, 1987; Lal, 1988). The cosmogenic nuclide 
production rate depends on the rock composition, altitude, geomagnetic latitude, and the 
exposure geometry as a function of time (i.e., erosion rate). The cosmic ray flux 
decreases from the poles to the equator because of deflection by the geomagnetic field. 
The atmosphere shields the Earth from cosmic rays, resulting in higher cosmogenic 
production rates in rocks at high elevations than in those at sea-level. For example, for 
every 1000 m increase in elevation, the production rate of 3He doubles relative to the rate 
at sea level (Yokoyama et al., 1977). Cosmic rays can penetrate rocks to depths of 
several metres, but the production rate of cosmogenic nuclides decreases exponentially 
with depth so that the most significant production is within ~ 1 m of the surface, 
depending on the density of the rock. 
The expected amount of cosmogenic 3He produced over the exposure history of 
a basaltic rock may be calculated from equation (2-1): 
[3He](cm3STP/g year)= H x [1.68 - (0.0637 x CR)+ (9.99 x l0-4 x CR2)] (2-1) 
where [3He] is the production rate of 3He iri the sample for exposure at sea-level and H 
is the production rate in Hawaii at sea-level (3.7 x 10-18 cm3STP/g year) (Kurz et al., 
1990), and CR (in gigavolts) is the vertical cutoff rigidity. 
Noble gas studies of mantle-derived samples commonly focus on olivine basalts 
because olivine traps mantle-derived noble gases. If olivine basalts have been exposed to 
cosmic rays for a prolonged period of time, the possibility that cosmogenic noble gases 
may have contaminated the mantle-derived noble gases must be considered. The 
cosmogenic production ratios of 20Ne/22Ne and 21Ne/22Ne in olivine are 0.84 and 0.94, 
respectively (Lugmair et al., 1976). The cosmogenic 21Ne/22Ne end-member ratio is 
much higher than the maximum ratio typically measured in mantle-derived samples from 
Mid-Ocean Ridge Basalts (MORBs) ( ~0.075) (Sarda et al., 1988). Because 21Ne is 
present in the lowest abundance of the three neon isotopes in mantle-derived samples, 
addition of cosmogenic 21Ne to mantle-derived neon may cause the mea~ured 21Ne/22Ne 
ratios to be significantly higher than the mantle neon ratio. 
2.2 Physical-chemical processes controlling noble 
gas elemental ratios 
2.2.1 Crystal/melt partitioning 
Melting of mantle minerals, or crystallization of minerals from a magma can 
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fractionate elemental ratios in residual solids and magmatic liquids relative to the initial 
bulk composition. The relative differences in compatibilities of non-gaseous radioactive 
parent isotopes compared with their gaseous daughter isotopes (e.g., 238U and 4He, or 
4°K and 40Ar) between crystals and melt can affect the noble gas isotopic ratios in a 
mantle source over time. Partitioning between crystalline and melt phases is defined by 
the distribution coefficient, D = Ccrysta11Cmelt· The experimental data on crystal-liquid 
partitioning of noble gases in geologic systems shows a wide range in D-values, possibly 
owing to experimental difficulties (e.g., Carroll and Draper, 1994; Hiyagon, 1994; 
Jambon and Shelby, 1980; Jambon et al., 1986; Lux, 1987; Valbracht et al., 1994). 
Analyses to determine D-values in natural samples provide maximum estimates of the 
true values because some degassing may have occurred from the glass. The D-values 
obtained from coexisting glass and olivine phenocrysts in natural samples are 0.008 for 
He and 0.003 for Ar (Carroll and Draper, 1994). As might be expected, the D-values are 
commonly much less than unity for natural samples and suggest that noble gases behave 
as incompatible elements that partition preferentially into the melt phase over the solid 
phase. 
2.2.2 Solubility controlled fractionation 
Gas bubbles form as a result of saturation of gases in the melt. In basaltic 
magmas, noble gases are expected to be strongly undersaturated with respect to the 
concentrations that Henry's law would predict for a given ambient pressure, so that noble 
gases should not form gas bubbles on their own. Thus, the primary bubble-forming 
gases are not the noble gases, and are more likely to be those that are abundant in the 
melt. Magmatic volatiles, such as in the MORB popping rock, are comprised 
predominantly of CO2 and H20, and the noble gases are present in relatively small 
concentrations (Javoy and Pineau, 1991; Pineau and Javoy, 1994). The solubility of CO2 
and the noble gases are low compared with H20, and CO2 has a solubility that is lower 
than that of helium but higher than that of argon in basaltic melts (Carroll and Draper, 
1994 ). The low solubilities of the noble gases and CO2 mean that the noble gases will 
follow CO2 and be preferentially partitioned into the early-formed vapor phase (Carroll 
and Draper, 1994). The solubility of CO2 in magma is positively correlated with both 
temperature and pressure, so that as ambient pressure is decreased during the ascent of a 
magma containing dissolved CO2, saturation is likely to be reached (Watson et al., 1982). 
A melt with a large initial concentration of CO2 would reach saturation during the 
relatively early stages of magmatic ascent, causing the first bubbles to appear, and as the 
pressure decreases as magma continues to ascend, the saturation concentration of CO2 
also decreases, and more bubbles will form (Prousevitch et al., 1993). 
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The exsolution of CO2 from the magma is controlled principally by nucleation of 
fluid bubbles and subsequent growth of these bubbles by diffusion (Watson et al., 
1982). The noble gases should partition from the melt into the gaseous phase along with 
CO2 in accordance with their solubilities in the melt, and may subsequently diffuse into 
the bubbles as the bubbles grow. When noble gases partition between melt and vapor 
phases, the melt becomes enriched in the lighter element because these elements are 
relatively compatible in the melt compared with the heavier elements; thus, it is expected 
that solubility controlled fractionation by bubble formation will result in higher He/Ne 
and Ne/Ar ratios in the residual melt phase than in the bubbles. 
The degree of elemental fractionation of the noble gases in the residual melt 
phase depends on the total volume of bubbles that has formed, and whether the gas from 
the bubbles is allowed to leave the system. For small fractional volumes of bubbles 
( <0.01 % ) and single-stage fractionation in a closed system, there is no large effect on the 
elemental ratios in the residual melt, but for larger volumes of bubbles ( ~ 1 % ) the degree 
of elemental fractionation in the residual melt is greater. During equilibrium partitioning 
in a closed system, nearly all the gas is transferred from the melt into the gas phase if the 
volume fraction of vesicles is > 10% of the total volume (Carroll and Draper, 1994). In 
this case, the elemental ratios in the vesicles should approximately the same as the initial 
ratio in the melt (Lux, 1987). The gas concentration in the residual melt following loss of 
bubbles is expected to be relatively low, but owing to partitioning of the relatively heavy 
elements into the bubbles, the elemental ratios in the residual melt will be enriched in the 
light element. The maximum degree of fractionation of the elemental ratio in a closed 
system is attained after approximately 1 - 10% vesicles have formed. 
In an open system in which the gases from the vesicles escape, the elemental 
ratios in the residual gas in the melt may be more highly fractionated relative to the initial 
ratios than in the case of a closed system (Carroll and Draper, 1994). Provided that the 
noble gases partition rapidly into the volume provided by the CO2 bubbles, and the flux 
of CO2 bubbles into and out of the system is constant so that the total volume of the CO2 
bubbles present in the system remains near-constant, the partial pressure of noble gases 
in the CO2 bubbles may be assumed to be at equilibrium with the noble gas concentration 
in the residual melt. 
Equations describing solubility controlled fractionation 
Noble gas solubilities are generally higher in more silica-rich melts, possibly 
owing to the higher number of interstitial sites within rings of interconnected silicate 
tetrahedra (Carroll and Draper, 1994, and references therein). For a given silicate melt 
composition, solubility decreases with increasing atomic radius of the gas, so that helium 
is the most soluble of all the noble gases (Fig. 2-1). In a tholeiite basalt at 1350°C, one 
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study estimates that the Henry's law constant (S) for noble gas solubility (in cm3STP/g 
atm x 10-5) are: SHe = 64 + 8, SNe = 35 + 6, SAr = 8.7 + 0.6, SKr = 6.3 + 0.4, Sxe = 2.7 
+ 0.4 (Lux, 1987). Experiments using gas pressures between 1 x 10-3 and 1 x 103 bar 
show that the solubility of the noble gases decreases as an approximately linear function 
of gas pressure within this pressure range (Henry's Law behaviour) and is almost 
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Figure 2-1. Henry's law constants (S) for noble gas solubility in two silicate 
liquids at 1350°C in units of cm3STP/g atmosphere. After Lux (1987). 
Because the solubilities of helium and argon in the melt phase differ by about a 
factor of seven, whereas those of helium and neon differ by a factor of two (Lux, 1987), 
the degree of helium and argon fractionation between a basaltic melt and vapour phase 
following bubble formation will be much greater than between helium and neon. Neon is 
more soluble than argon by approximately a factor of four (Lux, 1987), so the degree of 
fractionation between neon and argon following formation of gas bubbles from a melt 
will also be greater than between helium and neon. The theoretical maximum degree of 
fractionation that may be produced in the melt phase by solubility controlled fractionation 
in a closed system owing to removal of gas in a bubble phase (at equilibrium) is equal to 
the initial ratio in the melt multiplied by the ratio of the relative solubilities (SJ of the two 
gases of interest as shown in equation (2-2) using the He/ Ar ratio as an example. 
[He ]melt/[ Ar ]melt = [HeJgas/[ Ar ]gas (SHe/S Ar) (2-2) 
For the Henry's law constants given above (Lux, 1987), the relative degree of 
fractionation of the He/ Ar ratio can be estimated ( equation 2-3), 
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SHe /S Ar =64/8.7=7.4 (2-3) 
In comparison, the degree of fractionation of the Ne/ Ar ratio and the He/Ne ratios are 
smaller and equal to (35/8.7) 4.0 and (7.4 / 4.0) 1.9, respectively. 
Multistage solubility controlled fractionation 
The following multistage solubility controlled fractionation model will be applied 
in Chapter 7 to explain the noble gas elemental ratios obtained from this study. The 
changes in concentration of noble gases in the melt or in vesicles owing to multiple 
stages of solubility controlled fractionation of an abundant gas (e.g., CO2) may ~e 
simulated using equations similar to those reported by Jambon et al. (1986) and Honda 
and Patterson ( 1999). These equations describe solubility controlled fractionation in a 
closed system, but the bubbles may be allowed to escape after each stage of vesiculation 
in a hypothetical "multistage" process , thus giving an approximation to an open system. 
The initial number of atoms " n 0 " of gas in a system is the sum of atoms in the 
residual melt "m" and the number of atoms in the gas bubbles "b" ( equation 2-4) 
no = nm+ nb (2-4) 
To express the results in units of cm3STP/ g, the number of atoms of a given gas " i", or 
"n/' can be related to the gas concentration, "C" (cm3STP/g) in the magma, such that 
N 
ni = _ a Pm VmC (cm3STP/g) 
Va 
·where Va is the molar volume of 22,400 cm3/mole, Pm is density of the melt in g/cm3, V m 
is the melt volume and Na is Avogadro's number, 6.02 x 1023 atoms/mole. 
From the ideal gas law, Pa Va = n aKTa, where Ta is 273 K and Pa is one atmosphere and 
K is Boltzman' s constant ( equation 2-5) 
p 
ni = _ a Pm VmC (cm3STP/g) 
x:Ta (2-5) 
The total Yolume of the system is increased by the total volume of the bubbles , so 
that Pm remains the same before and after the bubbles form. Using the ideal gas law 
again, this time for the noble gases in the bubbles, 
Pb v b = nbx::To 
\vhere T0 is is the temperature of equilibration of the bubble and the melt phases, "n" is 
the number of atoms, Vb is the volume of bubbles, and Pb is the gas pressure in the 
bubbles), equation (2-5) can be transformed to equation (2-6), 
pa V C = ~ V C + Pb v b 
T Pm o o T Pm or ~ K n K a K.1. 0 (2-6 
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where Cr is the gas concentration in the residual melt (cm3STP/g). Note that this 
equation assumes that the volume of the system has increased by the total volume of the 
bubbles, so that the density of the melt remains approximately the same. 
Combining Henry's law for gas "i", Cr = Si Pb, with equation (2-6) gives an 
expression for the fraction of gas remaining in the residual melt ( equation 2-7), 
Cr 1 
Co = 1 + ( v*Ta ) 
ToPoPmSi 
(2-7) 
where V * =V ,/V0 is the fractional vesicularity (cm3/cm3) of melt and Si is the solubility 
of gas "i". 
The concentration of gases in the residual phase after loss of the bubble phase 
following "n" episodes of solubility controlled fractionation by bubble formation at a 
constant volume may be described by equation (2-8), after Honda and Patterson (1999). 
All of these equations assume that the system is at equilibrium and remains closed until 
the bubbles are removed after each stage of bubble formation. 
Cr -
co 
* SiPoPo (1- V ) 
* V (Ta/To) 
l + [SiP0 ~ 0 (l- v*)] 
V (Ta/To) 
n 
Calculated noble gas elemental ratios and gas concentrations 
Approach 
(2-8) 
For the first stage of fractionation, when the initial CO2 bubbles form, equation 
(2-7) above is used to calculate the gas concentrations of helium, neon and argon and 
elemental ratios in the melt phase. The elemental ratios and gas concentrations produced 
by the succeeding stages of fractionation are calculated from equation (2-8). The change 
in residual melt composition with each stage of vesiculation is determined by using the 
residual melt ratio from the previous step as the starting composition for the next 
increment of gas removal (Fig. 2-2). This approach is similar to that which was used by 
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Figure 2-2. Schematic representation of stepwise solubility controlled 
fractionation by bubble formation. Two stages of bubble formation are 
shown here. For a given initial elemental ratio (e.g., the He/Ne ratio) in a melt, 
the elemental ratio of the escaping gas (g) is enriched in the heavy element, 
whereas that of the residual melt (m) is enriched in the light element relative to 
the initial ratio. The second stage of diffusion (Stage 2) uses the elemental 
ratio in the residual melt as the new "initial ratio." Bubbles forming from 
this melt have a lower He/Ne ratio than the residual melt, but a higher He/Ne 
ratio than the gas that was released in Stage 1 because the ratio in the residual 
melt has increased relative to the initial ratio. The residual melt produced in 
stage 2 has a higher He/Ne ratio than that produced in stage 1. 
Initial compositions 
For the purposes of this calculation, the initial gas concentrations in the melt are 
assigned the following values: Cf He=l x 10-10 cm3STP/g, C~He = 2.4 x lO-6 cm3STP/g, 
c~ Ne * = 1.1 x 10-13 cm3STP/g, c~ Ne = 1.67 x 10-11 cm3STP/g and C~o Ar* = 4.81x lO-7 
cm3STP/g. These concentrations give initial elemental ratios that are equal to the mantle 
production ratios, 4He/21Ne* = 2.2 x 107; 4He/40Ar* = 5 and 21Ne*/40Ar* = 2.2 x 
lO-7. Other parameters used in the calculations are: T0 = 1273K, Ta = 273 K, the 
solubility constants for helium, neon and argon from Lux (1987) that were given 
previously and a density of 2.7 g/cm3. The changes in elemental ratios and gas 
concentrations produced in the escaping gas and in the residual melt are calculated using 
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different vesicle volumes (0.01 %, 0.1 % and 1 %). Larger degrees of elemental 
fractionation would be produced at each stage if the vesicle volumes were larger. 
Results 
Elemental ratios 
The mantle production ratios (e.g., 4He/40Ar*, 21Ne*/40 Ar*) that were shown in 
Table 2-3 provide a convenient reference composition for comparison with the results of 
calculations to determine the incremental changes in elemental ratios produced during 
vesicle formation in an open system ( equations (2-7) and (2-8) ). The results are shown 
in plots of 4He*/21 Ne* versus 4He/40Ar* (Fig. 2-3) and 21Ne*/40Ar* versus 
4He/40 Ar* (Fig. 2-4 ). The degree of fractionation of the elemental ratios in the residual 
melt that occurs at each stage of fractionation depends on the vesicle volume. A relatively 
large degree of fractionation of the 4He/40 Ar* ratio, for example, may be produced in a 
single stage of bubble formation if the volume fraction of vesicles is relatively large 
( ~ 1 % ) (Fig. 2-3). Successive stages of bubble formation cause the elemental ratios in 
the residual melt become progressively enriched in the light element relative to the initial 
elemental ratio (here assumed to be the mantle production ratio) (Figures 2-3 and 2-4). 
The elemental ratios produced by bubble formation over a range of V* ratios lie on the 
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Figure 2-3. Plot of 4He/21 Ne* versus 4He/40Ar* showing the calculated 
compositions in the residual melt phase that are predicted by equations (2-7 
and 2-8) for different vesicle volume fractions in which gases from vesicles are 
lost after each stage of solubility controlled fractionation. The initial 
composition is shown by the orange rectangle, which also represents the range 
in the mantle production ratios. The. 4He/40 Ar* ratio is more fractionated 
than the 4He/21Ne* ratio because there is a relatively large difference in 
solubilities of 4He and 40 Ar*. For small volume fractions of vesicles (0.01 % ), 
the change in the 4He/40 Ar* ratios of the residual melt is relatively small. At 
higher volume fractions of vesicles (0.1 % to 1 % ), the degree of elemental 
fractionation of the 4He/40 Ar* ratio in the residual melt is much larger. 
Although the degree of fractionation differs for each of the various volume 
fractions of vesicles shown here, the calculated elemental ratios form trends 
that have similar slopes over a range of volume fractions of vesicles (0.01 % to 
1 % ). Note that the integrated vesicularity needed to produce the maximum 
degree of elemental fractionation shown here does not correspond to the 
vesicle volume that would be observed in the sample because the gases in 
vesicles are lost from the system. The magmas may have relatively small 
observed vesicle fractions, yet have highly fractionated noble gas abundances 
(Carroll and Draper, 1994). 
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Figure 2-4. Plot of 21 Ne* 140 Ar* versus 4 He/40 Ar* showing the calculated 
compositions that would be produced by solubility controlled fractionation 
(SCF) (symbols). The initial composition is represented by the orange 
rectangle. Incremental changes in the elemental ratios of the residual melt and 
escaping gas phases are shown for 0.01 %, 0.1 % and 1 % vesicles, with the 
direction of increasing fractionation indicated by the orange arrow. 
Gas concentrations 
Figure 2-5 shows that the elemental ratios in the residual melt become enriched in 
the light element as the gas concentration decreases during multiple stages of solubility 
controlled fractionation. In other words, there is a negative correlation between the 
elemental ratio and the gas concentration (Honda and Patterson, 1999). The relationship 
between the elemental ratio and the gas concentration in the residual melt at each stage of 
solubility controlled fractionation depends on the volume fraction of vesicles, such that 
the change in the elemental ratio and the decrease in the gas concentration is largest for 
the highest volume fraction of vesicles (Fig. 2-5). Because the residual melt is 
increasingly enriched in the light element with successive stages of fractionation, bubbles 
forming from this melt will progressively also become enriched in the light element 
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Figure 2-5. Plot of 21Ne*J40Ar* versus 21 Ne* cm3STP/g, showing the changes in 
the composition of the residual melt that would be produced during multistage 
vesicle formation and gas loss (see text). As in previous plots, the vesicle volumes at 
each stage of fractionation are: 0.01 %, 0.1 % and 1 %. Different slopes are 
produced by fractionation of gases at different vesicle volumes, but in general, the 
21 Ne*J40Ar* ratio of the residual melt increases as the 21Ne* concentration 
decreases. 
Summary 
Solubility controlled fractionation by bubble formation requires that the magma 
becomes saturated with respect to a gas (e.g., COJ in order to produce bubbles. As the 
ambient pressure decreases during magma ascent, the noble gases may be partitioned 
into the bubbles along with CO2 according to their relative solubilities in the melt. 
Following solubility controlled fractionation, the elemental ratio of gases in the residual 
melt would be emiched in the light noble gas elements compared with the initial ratio in 
the melt. 
2.2.3 Diffusion 
Diffusion of noble gases into and out of magmas, minerals and rocks is a process 
which alters noble gas elemental concentrations, and to a lesser extent, isotopic 
composition of a given element (Ozima and Podosek, 1983). The diffusive flux of a 
noble gas is proportional to the concentration gradient (Ozima and Podosek, 1983). The 
diffusion coefficient is dependent on temperature and is generally assumed to be 
independent of concentration. Noble gas diffusion coefficients are a function of atomic 
radius of the noble gases so that a gas with a small atomic radius has a larger diffusion 
coefficient than those with larger radii (Lux, 1987). Helium is thus the most soluble and 
also the most diffusive of the noble gases in melts. Helium is more diffusive than neon 
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by roughly a factor of two, and more diffusive than xenon by approximately a factor of 
17 in a tholeiitic basalt melt at 1350°C (Lux, 1987). Diffusive loss of gases from 
crystalline rocks is commonly viewed as a two stage process involving "volume" 
diffusion from grain interiors to grain boundary surfaces, followed by "grain boundary" 
or "surface" diffusion for diffusion out of the macroscopic sample (Ozima and 
Podosek, 1983). 
2.3 Isotopic and elemental compositions of noble 
gases in solar system and terrestrial reservoirs 
The noble gas compositions in the solar system can broadly be subdivided into 
two major reservoirs: the solar and the meteoritic (sometimes called "planetary") 
reservoirs. The elemental and isotopic compositions of the solar component have been 
determined by analysing lunar fines (Benkert et al. , 1993) and trapped gases in 
meteorites (Murer et al., 1997), as well as aluminium and platinum foils that were 
exposed to the solar wind during the Apollo missions to the Moon (Geiss et al. , 1972). 
The elemental and isotopic compositions of the meteoritic component were 
determined by analyses of noble gases in C-1 chondrites (e.g. , Black and Pepin, 1969). 
C-1 chondrites are thought to be among the most primitive objects in the solar system. It 
is curious that their noble gas elemental and isotopic compositions differ from those in 
the solar wind. Close inspection of the noble gas isotopic ratios in different carriers or 
temperature fractions of carbonaceous chondrites reveal a number of different isotopic 
components. Some of the minor components have been interpreted to originate from 
supernovae or other pre-solar noble gases (Ozima and Podosek, 1983). These details, 
although interesting, are beyond the scope of the present discussion. What is most 
important is that the noble gas composition of carbonaceous chondrites is fairly uniform, 
implying that the meteoritic component was widespread in the early solar system. 
2.3.1 Comparison of solar, atmospheric, planetary and meteoritic 
elemental noble gas compositions 
The Earth's lost primary atmosphere 
The gas planets, including Jupiter and Saturn, have primary atmospheres that 
were acquired by gravitational capture from the primordial solar nebula (Pollack and 
Bodenheimer, 1989). The Earth' s primary atmosphere is widely believed to have been 
lost because the present-day atmosphere does not have a composition like that of the 
Sun. If the Earth' s atmosphere was a remnant of the primary atmosphere, the degree of 
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depletion of volatile species should follow a mass-dependent pattern (Ozima and 
Podosek, 1983). Neon, which is the second most depleted element in the Earth's 
atmosphere (after helium) should be more abundant than all other lighter species (H2, 
H2O, Cli+), and less abundant than heavier species (e.g., Ar, CO, CO2 and HCl) (Ozima 
and Podosek, 1983). The expected mass dependent abundances of volatile species in the 
atmosphere are not observed, suggesting that the Earth's present atmosphere was not 
trapped by gravitation from the solar nebula. The present day atmosphere is interpreted 
to be secondary and to have been derived from other sources (Brown, 1952). 
Although the absolute abundances of noble gases in the atmospheres of Earth, 
meteorites and the other terrestrial planets (Venus, Mars) differ (Table 2-4 ), they have 
generally similar elemental abundance patterns (Fig. 2-6). In particular, the noble gas 
elemental abundance patterns in 22N e, 36 Ar and 84 Kr of primitive carbonaceous 
chondrites (meteoritic component) and those of the Earth's atmosphere are similar, with 
the exception of ratios involving 4He and 130xe (Table 2-4 ). The relative abundance of 
He in the terrestrial and planetary atmospheres is not very informative because He is 
continually escaping from the gravitational fields of the terrestrial planets (Kockharts, 
1973). The relative abundance of 130Xe is higher in the meteoritic reservoir relative to the 
Earth's atmosphere, the terrestrial planets and the solar reservoir (Fig. 2-7). 
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Table 2-4. Noble gas elemental abundances in the solar, meteoritic and Earth's 
atmospheric components 
4ttel2°Ne 4tte/36Ar 2°Ne/36Ar 36Ar/84Kr 84Kr/130xe 4tte/130xe 
Solar wind 47 ±3 (a) 
Solar wind 600 37 
Solar (lunar soil) 253 27 1590 38 4.1 X 108 
Meteoritic 220 0.28 80 8 3.9 X 104 
Earth atmosphere 0.32 (b) 0.166 0.52 48 180 1.4 X 103 
SW+ SEP, (Murer et al., 1997); (b) (Vemiani, 1966); other data from Ozima and Podosek 
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Figure 2-6. Noble gas elemental abundances in the implanted solar wind, 
meteorites (C-1 Chondrites), Venus, Earth, Mars and Jupiter. Data are from 
Pepin, (1991) except for 4He data (Ozima and Podosek, 1983) and Jupiter 
data (Niemann et al., 1996). 
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The higher relative abundance of xenon in the meteoritic component relative to the 
Earth's atmosphere has lead to the inference that the Earth's atmosphere is "missing" 
xenon. That is, if the Earth's atmosphere was derived from degassing of chondritic 
material, the elemental abundance pattern in the Earth's atmosphere should be similar to 
the meteoritic pattern. If the Earth did not initially have a meteoritic xenon abundance 
pattern, it is possible that xenon is not "missing" from the Earth. A discussion of this 
problem may be found elsewhere (Jephcoat, 1998; Ozima, 1998; Podosek et al., 1981; 
Wacker and Anders, 1984) and is beyond the scope of the present discussion. 
2.3.2 Comparison of solar, meteoritic and terrestrial atmospheric 
isotopic noble gas compositions 
Helium 
The isotopic ratios of the solar, meteoritic and terrestrial atmospheric components 
provide additional insights into the origin of terrestrial noble gases that are not evident 
from the elemental abundance ratios. The atmospheric helium ratio, (3He/4He )arm= 1.4 x 
10-6 is defined as "1 Ra" where Ra = (3He/4He)measured/(3He/4He)atm· The 3He/4He 
isotopic ratio of the solar wind as measured in lunar foils (326 Ra) (Geiss et al., 1972) 
(Table 2-5) is higher than in the meteoritic component (102 Ra), probably owing to 
contribution of 3He derived from decay of 3H that is being produced by deuterium 
burning in the Sun (Anders and Grevesse, 1989). The solar and meteoritic 3He/4He 
ratios are higher than that in the Earth's atmosphere by more than two orders of 
magnitude. The lower 3He/4He ratio in the atmosphere results from addition of a large 
proportion of radiogenic 4He produced from U and Th in the Earth and degassed to the 
atmosphere (e.g. Bernatowicz and Podosek, 1978) (Table 2-5, Fig. 2-8). 
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Table 2-5. Helium, neon and argon isotopic ratios in the solar, meteoritic and 
atmospheric (terrestrial) reservoirs 
Composition 3He/4He Ra 20NeJ22Ne 21NeJ22Ne 38ArJ36Ar 40Ar/36Ar 
(10-6) 
Solar (a) 457 326 13.8 ± 0.1 0.0328 ± 0.0005 0.179 ± 0.003 ~3x10-4 (c) 
(ave) (b) 
Solar, corrected 0.173 ±0.002 
(b) 
Meteoritic (CI 143 102 8.2 0.024 0.189 ± 0.002 ~3 X 10-4 
chondrite) 
Enstatite 0.183 ± 0.001 
chondrite 
Earth 1.4 1 9.8 0.029 0.1880 295.5 
atmosphere 
(a) Isotopic composition of the solar wind (Benkert et al., 1993; Geiss et al., 
1972). (b) (Pepin et al. 1999) (c) observed 40Ar/36Ar ratios in Ureilites 
(Gobel et al., 1978). Other data from Ozima and Podosek (1983). 
Neon 
The neon isotopic ratios in the solar, meteoritic and atmospheric reservoirs are 
also quite distinct from one another (Table 2-5, Fig. 2-8). The 20Ne/22Ne ratio of the 
Earth's atmosphere (9.8) lies between the solar (13.8) and the meteoritic (8.2) ratios. 
The 21Ne/22Ne ratio of the Earth's atmosphere (0.029) is also between the solar 
(0.0328) and meteoritic (0.024) ratios. 
Argon 
The estimated average solar 38Ar/36Ar ratio (0.179 + 0.003) (Pepin, 1991) is 
only slightly lower than the terrestrial atmospheric ratio (0.1880) (Ozima and Podosek, 
1983, and references therein) but may include a component of spallogenic or solar 
energetic particles that would elevate the ratio to values that are higher than the original 
value. A lower estimate for the solar 38 Ar/36 Ar ratio of 0.172 may be closer to the 
original value (Pepin, 1991). In comparison, the 38Ar/36Ar ratios in meteorites (Cl = 
0.189 + 0.002; Enstatite = 0.183 + 0.001) (Crabb and Anders, 1982; Mazor et al., 1970) 
are very close to the ratio in the Earth's atmosphere (Table 2-5, Fig. 2-8). 
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Figure 2-8. Isotopic composition of noble gases in the solar, meteoritic and 
atmospheric components. The isotopes for each element are shown on the x-
axis (3He, 4He, 20Ne, 21 Ne, 22Ne, 36 Ar, and 38 Ar). The helium isotopic ratios 
are normalized to 4He, the neon isotopic ratios normalized to 22Ne, and the 
argon isotopic ratios normalized to 36 Ar. The isotopic ratios in different 
components are expressed as fractional deviations from the solar ratio. 
The 40Af/36Ar ratio in the Earth's atmosphere of 295.5 is greatly elevated relative 
to that predicted for the primordial ratio from stellar nucleosynthesis of ~3 x 10-4 (Gobel 
et al., 1978) (Table 2-5) owing to an overwhelming contribution of 40 Ar produced from 
decay of 4°K in the Earth. 
Krypton 
The isotopic ratios of krypton in the meteoritic and atmospheric reservoirs (Table 
2-6) show a similar pattern relative to the solar composition, but the difference between 
the atmospheric composition and the solar composition is smaller than that between the 
meteoritic and the solar composition. The meteoritic and atmospheric 78Kr/84Kr, 
80KrJ84Kr, 82Kr/84Kr and 83Kr/84Kr ratios are lower than the solar ratio (Fig. 2-9), but 
the 86Kr/84 Kr ratios are higher than the solar ratio. The meteoritic and atmospheric 
ratios exhibit mass-dependent fractionation with heavy isotope enrichment relative to the 
solar ratios, but the meteoritic ratios are slightly more fractionated than the atmospheric 
ratios. 
Table 2-6. Krypton isotopic ratios in the solar, meteoritic and atmospheric (terrestrial) 
reservorrs 
Composition 78Kr 80Kr 82Kr 83Kr 84Kr 86Kr 
Solar 0.6359 40.75 20.501 20.276 =100 30.115 
CI Chondrite 0.596 3.92 20.15 20.14 =100 30.95 
±0.005 ±0.03 ±0.08 ±0.08 ±0.08 
Earth 0.609 3.960 20.22 20.14 =100 30.52 
atmosphere ±0.002 ±0.002 ±0.02 ±0.02 ±0.03 
Data are normalised to 84Kr. After Pepin (1991) 
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Figure 2-9. Isotopic compos1t1on of krypton in the atmospheric and 
meteoritic components, normalized to 84K.r and the solar ratio. 
Xenon 
Xenon isotopic ratios are commonly normalized to 130xe because 130xe is not 
produced by spontaneous fission or radioactive decay in the Earth and can be considered 
a primordial isotope. The isotopic ratios of the lightest xenon isotopes (124Xe/130Xe, 
126Xe/130Xe, and 128Xe/130Xe) in CI chondrites are similar to the solar composition, 
whereas the ratios in the atmosphere are much lower than the solar composition (Table 2-
7, Fig. 2-10). The isotopic ratios of the heavier Xe isotopes (>130Xe) are elevated in the 
atmosphere and in meteorites relative to the solar ratio. The xenon isotopic ratios in the 
atmospheric component are mass fractionated and enriched in the heavy isotopes relative 
to the solar composition. The heavy xenon isotope enrichment in the meteoritic 
component is believed to arise from exotic noble gas components derived from presolar 
grains that formed in the stellar atmospheres (Anders and Zinner, 1993). The elevated 
129Xe/130Xe in the atmosphere and in some meteorites (e.g. , Allende) to values higher 
than the solar ratio is attributed to production of 129Xe from extinct 129I (half life of 17 
Ma, Table 2-2) (Ozima and Podosek, 1983). 
Table 2-7. Xenon isotopic ratios in the solar, meteoritic, and atmospheric (terrestrial) 
reservous 
Compo- 124xe 126xe 128xe 129xe 130xe 131xe 132xe 134xe 136xe 
sition 
-Solar 2.947 2.541 50.873 628.7 =100 499.58 606.79 212.88 166.34 
CI 2.85 2.51 50.7 635.8 =100 504 615 236 199 
Chondrite ±0.05 ±0.04 ±0.4 to 670.8 ±3 ±3 ±1 ±1 
Earth 2.337 2.18 47.15 649.6 =100 521.3 660.7 256.3 217.6 
atmosphere ±0.007 ±0.01 ±0.05 ±0.6 ±0.6 ±0.5 ±0.3 ±0.2 
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Figure 2-10. Isotopic compositions of xenon in the atmosphere and 
meteoritic components, normalized to 130xe and the solar composition. 
2.4 Mantle noble gases 
2.4.1 Part I: Isotopic ratios 
Variations in the isotopic ratios of the noble gases from mantle-derived samples 
potentially can be used to identify source components, mixing processes between noble 
gas components with different isotopic compositions, or addition of isotopes produced 
by radioactive decay or nucleogenic reactions in the Earth. 
Helium 
The relatively short residence time of helium in the atmosphere of ~ 106 years 
results in its low atmospheric abundance (5.2 ppm) (Ozima and Podosek, 1983) and 
minimizes problems associated with atmospheric contamination of samples containing 
mantle gases. The 3He/4He ratios in glasses from mid-ocean ridges (MORs) (8.5 + 1.4 
Ra) are nearly constant and are higher than those in the atmosphere (1 Ra) (Hilton et al., 
1993; Poreda et al., 1986) (Fig. 2-11). Still higher 3He/4He ratios have been found in 
glasses and olivines from some Ocean Island Basalts (OIBs), with values of near 30 Ra 
from several localities (e.g., 32 Ra (Loihi), ~25 Ra (Samoa), 37 Ra (Iceland)) 
(Condomines et al., 1983; Hilton et al., 1999; Honda et al., 1991; Kurz et al., 1982a; Kurz 
et al. , 1983; Poreda and Farley, 1992; Rison and Craig, 1983; Staudacher et al., 1986) 
(Fig. 2-12). Helium isotopic ratios higher than the MORB values have also been found 
in geothermal fluids from Yellowstone (16 Ra) (Craig et al., 1978; Kennedy et al., 1985), 
and from Continental Flood Basalts (CFBs), including the Deccan Traps (13.9 Ra) 
(Basu et al., 1993), Siberian Traps (12.7 Ra) (Basu et al., 1995), West Greenland (30 Ra) 
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(Graham et al., 1998), the Columbia River basalts (11.4 Ra) (Dodson et al., 1997) and 
Ethiopia (16.9 Ra) (Marty et al., 1996). 
Some samples from OIBs, such as St. Helena (Graham et al. , 1992a) and Tristan 
da Cunha and Gough (Kurz et al., 1982a), have 3He/4He ratios of 5 - 6 R/Ra that are 
lower than the ratio measured in MORE-derived samples (Kurz et al., 1982a). It has 
been suggested that the low 3He/4He ratios may be attributed to a recycled crustal 
component in the plume source (Graham et al., 1992a), but it is likely that in some 
localities, crustal fluids bearing radiogenic 4He may interact with mantle-derived melts 
and minerals at shallow crustal levels and lower the mantle 3He/4He ratios (Hilton et al., 
1995). 
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Figure 2-11, left. Histogram of 3He/4He ratios in samples from MORBs 
(Hiyagon et al. , 1992; Kurz and Jenkins, 1981; Marty and Ozima, 1986 ; 
Ozima and Zashu, 1983; Sarda et al. , 1988) and samples from spreading 
ridges in localities where plume-MORE interactions are thought to occur 
(Graham et al., 1992b; Jam.ban et al. , 1985; Kurz et al. , 1982b; Moreira et al. , 
1995; Niedermann et al., 1997). Figure 2-12, right. Histogram of 3He/4He 
ratios in OIBs, including Iceland (Burnard et al. , 1994; Condomines et al. ,. 
1983; Harrison et al. , 1999; Hilton et al. , 1990), Hawaii (Hiyagon et al. , 1992; 
Honda et aL, 1991; Sarda et al. , 1988; Valbracht et al. , 1997), Reunion 
(Staudacher et al. , 1990), Samoa (Farley and Craig, 1994; Poreda and Farley, 
1992), and Tahiti (Staudacher and Allegre, 1989). 
The remarkably uniform helium isotopic ratios in MORB s (Fig. 2-11) suggest 
that the MO,RB source reservoir is well mixed (Hi.yagon et al. , 1992; Kurz, 1991; Lupton, 
1983; Sarda et al, 1988).. In contrast, the large range in helium ratios in OIBs (Fig. 2-
12) suggests that they are derived from relatively heterogeneous sources. The 3He 
isotope m the mantle is considered to be primordial in origin, because there are no 
reactions in the mantle that pi-oduce significant amounts of 3He. In contrast, 4He is 
continually being produced from decay of U and Th (Table 2-3). The lower 3He/4He 
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ratios for MORBs compared with most OIBs implies that the MORB source has a lower 
3He/[U+ Th] ratio than that of most OIBs. Preferential degassing of primordial 3He 
from the MORB source relative to the OIB source, followed by production of radiogenic 
4He, would cause the 3He/4He ratio to decrease more rapidly in the MORB source than 
the OIB source if it is assumed that the U and Th contents of both sources are 
approximately equal (Craig and Lupton, 1976; Tolstikhin, 1975). Continued mixing of 
the MORB source by convection, but limited mixing of the noble gases between the 
MORB and OIB sources, could account for the observed 3He/4He ratios. These 
observations provide some of the evidence for the origin of OIBs from plumes that derive 
their primordial gases from relatively undegassed regions in the lower mantle ( e.g., 
Allegre et al., 1987; Allegre et al., 1983). The high observed 3He/4He ratios in CFBs are 
interpreted to indicate that, like OIBs, CFBs are derived from mantle plumes that 
originate in the lower mantle, or derive their gases from the lower mantle (e.g., Basu et al., 
1993; Graham et al., 1998; Marty et al., 1996). 
Neon 
Neon isotopic ratios that are significantly different from the atmospheric ratio 
have been found in mantle-derived samples, including MORBs (Hiyagon et al., 1992; 
Sarda et al., 1988), OIBs (Harrison et al., 1999; Honda et al., 1991; Honda et al., 1993b; 
Valbracht et al., 1997), back arc basin basalts (BABBs) (Honda et al., 1993c), diamonds 
(Honda et al., 1987; Ozima and Zashu, 1988), CO2 well gases (Caffee et al., 1988; 
Phinney et al., 1978; Xu et al., 1995), geothermal fluids (Yellowstone, Wyoming, USA) 
(Kennedy et al., 1985) and mantle xenoliths (Samoa, Reunion) (Poreda and Farley, 1992; 
Staudacher et al., 1990). The 20Ne/22Ne ratios in MORBs and OIBs range from the 
atmospheric ratio of 9.8 to values close to the solar ratio of 13.8, with the maximum 
observed 20N e/22N e ratio of 13. 7 + 0. 3 obtained from Icelandic basalt samples 
(Harrison et al., 1999). The observed 21Ne/22Ne ratios range from close to the 
atmospheric ratio of 0.029 up to 0.064 (Fig. 2-13). 
Most of the neon isotopic data obtained thus far from mantle-derived samples lie 
within a field defined by the Loihi line (e.g., Honda et al., 1991; Valbracht et al., 1997) 
and the MORB correlation line (Hiyagon et al., 1992; Sarda et al., 1988) (Fig. 2-13). 
These lines intersect at the isotopic composition of neon in the atmosphere. The MORB 
correlation line is defined by MORB samples that lie on a nearly linear array in 
20Ne/22Ne vs 21Ne/22Ne space with a slope of 85 that passes through the atmospheric 
neon composition. This linear array has been interpreted to be a mixing line between the 
MORB mantle and atmospheric neon endmembers (Sarda et al., 1988). The Loihi line 
similarly forms a mixing line between the atmospheric and Loihi mantle neon 
endmembers. However, the Loihi mantle endmember is distinct from the MORB source 
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endmember because the Loihi line has a steeper slope of ~380 in the neon three-isotope 




















El Lau Basin 
0 Loihi-a 
0 Loihi-b 
• MORB Q Reunion 
• Sa1noa ~ Shona Ridge 
Tahiti 
Figure 2-13. Neon three-isotope plot with neon data from mantle-derived 
samples. The solar, Air, MORB and meteoritic end-members are shown. The 
box labelled "L" stands for "Loihi" (Honda et al., 1993c; Valbracht et al., 
1997), and "H" for Iceland data reported by Harrison et al. (1999). "MF L" 
is the mass dependent Rayleigh fractionation line from the atmospheric 
composition. The MORB lines is from Sarda et al., (1988). MORB data 
(Hiyagon et al., 1992; Sarda et al., 1988), Loihi and Kilauea (Honda et al., 
1993b) (Loihi-a) (Hiyagon et al., 1992; Valbracht et al., 1997) (Loihi-b); Lau 
Basin (Honda et al., 1993c ); Reunion (Staudacher et al., 1990); Samoa (Farley 
and Poreda, 1992; Poreda and Farley, 1992); Shona Ridge (Moreira et al., 
1995); and Tahiti (Staudacher and Allegre, 1989). The analytical 
uncertainties have been omitted for clarity. 
The values of the 21Ne/22Ne ratios of the Loihi and MORB endmembers of 
0.041 and 0.074, respectively, are obtained by extrapolating the measured 20Ne/22Ne 
ratios to the solar 20Ne/22Ne ratio of 13.8. These different 21Ne/22Ne endmember ratios 
can be explained by different proportions of primordial solar neon (21 N e80tar) relative to 
nucleogenic 21Ne (21 Ne*) produced in the mantle .CTable 2-3), i.e., [(21 Ne* + 
21Nesolar)/21NeairJ. However, the observed range in 20Ne/22Ne ratios, from the 
atmospheric ratio to higher values cannot be accounted for by fissiogenic or nucleogenic 
processes in the mantle because the 20N e/22N e production ratio in the mantle of 4.5 
(Table 2-3) is lower than the atmospheric 20Ne/22Ne ratio of 9.8 (Table 2-5). 
Furthermore, mass-dependent isotopic fractionation of atmospheric neon cannot explain 
the observed neon isotopic ratios from Loihi and Kilauea because the slope of the Loihi 
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line is different from that which would be produced by mass fractionation of atmospheric 
neon (Hiyagon et al., 1992; Honda et al., 1991). Addition of meteoritic neon (20Ne/22Ne 
of 8.2) to atmospheric neon would lower the neon isotopic ratio, and does not provide an 
explanation for the observed relatively high ratios in mantle-derived samples. The only 
known solar system source with a higher 20Ne/22Ne ratio than in the atmosphere is the 
Sun. Therefore, the observed 20Ne/22Ne ratios in the mantle can be reasonably explained 
as the product of mixing between a solar neon endmember (13.8) and neon in the 
atmosphere (Craig and Lupton, 1976; Honda et al., 1991; Honda et al., 1987). The 
observed neon ,isotopic ratios in mantle-derived samples can be explained as a three 
component mixture between solar neon, in-situ nucleogenic neon produced in the mantle, 
and atmospheric neon. These components can be calculated by deconvolution of the 
three neon isotopes (equation 2-9): 
( :t:e) = k(-:2-~_ee) + 1(-:2-~_ee) + m(-2~ N-:-e) 
meas air nucleogenic solar 
(2-9) 
where 1N e is 20N e or 21 Ne, and k, 1 and m are the fractional contributions of each 
endmember to the reference isotope 22Ne (Honda et al., 1993a; Honda et al., 1991). The 
endmember compositions for the 21Ne/22Ne and 20Ne/22Ne solar and atmospheric ratios 
are shown in Table 2-5. The nucleogenic 21Ne/22Ne and 20Ne/22Ne endmember ratios 
are shown in Table 2-3. 
The higher values of 21Ne/22Ne in MORBs relative to OIBs are attributed to 
lower Ne801arl[U + Th] ratios in the MORB source than the OIB source. This 
explanation for the observed range in mantle-endmember neon isotopic compositions is 
similar to that described previously for helium, with the MORB source having a lower 
relative 3He/[U + Th] ratio than the OIB source. Helium and neon isotopic ratios are 
expected to be coupled because the production ratio of radiogenic 4 He and nucleogenic 
21Ne in the mantle (4He/21Ne*) is nearly constant ( ~2 x 107) (Table 2-3). Samples that 
define a linear trend in the neon three-isotope plot should therefore have a common 
3He/4He ratio. There should also be a correlation between the steepness of the slope 
(with respect to the slope of the air-solar mixing line) and the value of the 3He/4He ratio, 
so that samples lying on steeper slopes should have higher 3He/4He ratios. The 
observed neon and helium isotopic ratios from OIBs and MORBs are qualitatively 
consistent with this prediction. MORB glasses have relatively low 3He/4He ratios of 8.5 
Ra and a neon mixing trend with a relatively shallow slope of ca. 85, whereas samples 
from Hawaii have relatively high 3He/4He ratios of up to 30 Ra associated with a neon 
mixing trend that has a relatively steep slope of approximately 380. Neon data that lie 
between the slopes defined by MORB and Hawaiian samples, such as those from Samoa 
and Reunion, should be associated with 3He/4He ratios intermediate between the MORB 
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and Hawaiian values of 8.5 Ra and 33 Ra, respectively. The 3He/4He ratios observed in 
samples from Samoa and Reunion are consistent with expectations and are equal to 22 
Ra and 13.5 Ra, respectively. 
Possible external inputs into the mantle 
Noble gases in the Earth potentially may be influenced by external inputs into the 
mantle. It has been suggested that the observed primitive 3He/4He ratios in mantle-
derived samples could originate from interplanetary dust particles (IDPs) in oceanic 
sediments that are subducted into the mantle (e.g., Amari and Ozima, 1988; Anderson, 
1993; Esser and Turekian, 1988; Fukumoto et al., 1986; Matsuda and Murata, 1990; 
Ozima et al., 1984). Experiments have shown, however, that the mantle noble gas 
composition is unlikely to be influenced by primitive gases derived from IDPs because 
noble gases are probably degassed from IDPs at temperatures and pressures comparable 
to those in subduction zones (Hiyagon, 1994). Furthermore, although some ID Ps have 
neon isotopic ratios that are similar to the solar ratio or lie near the air-solar mixing line, 
many IDPs have a large spallogenic neon component (Hiyagon et al., 1992; Matsuda and 
Murata, 1990) (Fig. 2-14). It would be difficult to explain the relationship between 
helium and neon isotopic ratios in mantle-derived samples if mantle neon originated from 
IDPs with a large range of isotopic compositions as seen in Figure 2-14. It appears 
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Figure 2-14. Neon three-isotope plot showing the compositions of gas 
released by step-heating of interplanetary dust particles (IDPs) derived from 
oceanic sediments. Data are from (Hiyagon, 1994; Matsuda and Murota, 
1990). Although the data lie within the same field as mantle-derived samples, 
there is significant scatter in isotopic composition resulting from spallogenic 
neon that has been added to the solar neon. It appears unlikely that the 
observed correlations between helium and neon isotopic ratios would exist in 
in mantle derived samples if primordial gases were originally derived from 





Degassing of mantle argon to form the atmosphere 
A significant proportion of the present-day atmosphere is interpreted to be 
derived from degassing of the Earth's mantle by crustal formation. Nearly all (99.6%) 
of the argon in the atmosphere is 40 Ar, and this 40 Ar was produced almost entirely from 
decay of 40K in the Earth (tl/2 = 1.25 x 109 a) (von Weizsacher, 1937). von Weizsacher 
(1937) suggested that the extent of mantle degassing could be deduced from the amount 
of 40 Ar in the atmosphere. The inf erred degree of mantle degassing depends critically on 
the estimated potassium concentration in the mantle. The potassium concentration . in 
chondrites of 560 ppm (Anders and Grevesse, 1989) is an upper limit to the potassium 
concentration in the Earth because the Earth is generally thought to be depleted in 
potassium with respect to chondrites (Gast, 1960; Lewis and Prinn, 1984). A relatively 
small amount of degassing, representing 20% of all the argon produced in the mantle by 
decay of 4°K over time, is required if the mantle had a chondritic potassium 
concentration. This estimate can be compared with that based on a minimum estimate for 
the potassium content of the Earth of 135 ppm (Morgan and Anders, 1980). Such a low 
potassium concentration would require that ca. 90% of all 40 Ar produced in the mantle 
was degassed into the atmosphere. A more widely accepted estimate for the potassium 
content of the silicate Earth is 250 ppm, obtained from the estimated U abundance of 20 
ppb (Zindler and Hart, 1986) and K/U ratio of 12,700 (Jochum et al., 1983). Using this 
estimate, 50% of all the argon produced in the mantle is currently in the atmosphere. To 
estimate what fraction of the mantle was degassed, Hart et al. ( 1985) postulated, for the 
sake of discussion, that the 40 Ar in the atmosphere was derived only from the upper 
mantle (equivalent to a mass of 1.3 x 1027 g). If this were the case, the minimum amount 
of potassium in the upper mantle would be ~370 ppm. This value is higher than the 
estimated primitive mantle value of 250 ppm, but the potassium content in the upper 
mantle should be lower than this estimate owing to depletion in potassium and other 
incompatible elements by partial melting to form the crust. Hence, outgassing of the 
upper mantle alone is unlikely to provide sufficient 40 Ar to account for the amount in the 
atmosphere. If the estimated primitive mantle potassium concentration of 250 ppm is 
correct, more than 1.9 x 1027 g of the total mantle mass of 4 x 1027 g, or more than 50% 
of the mantle mass, is required to be degassed. Thus, from this estimate, both the upper 
mantle and part of the lower mantle are degassed (Hart et al., 1985). The uncertainties in 
the exact amount of potassium in the silicate Earth preclude precise estimates for the 
degree of mantle degassing, but it is likely to be between 50 and 90%. The rate of 
degassing to form the atmosphere that would be deduced from the abundance of 40 Ar in 
the atmosphere also depends on the estimate for the initial potassium concentration in the 
Earth. The higher the estimated potassium concentration, the slower the estimated 
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degassing rate needs to be to account for the observed 40 Ar in the atmosphere. The 
degassing rate also depends on the degassing coefficient from the Earth to the 
atmosphere, which is not well constrained (Ozima and Podosek, 1983). 
Mantle argon ratios 
40Ar/36Ar ratios 
The 40Arf36Ar ratios measured in MORB samples range from the atmospheric 
ratio to much higher values (Figure 2-15), with an estimated minimum ratio of 40,000 
(Burnard et al., 1997; Fisher, 1997; Hiyagon et al., 1992; Jambon et al., 1985; Kyser and 
Rison, 1982; Moreira et al., 1998; Ozima and Zashu, 1983; Sarda et al., 1985; Staudacher 
et al., 1989). These ratios are much higher than the measured values in OIB samples, 
which are typically less than 7000 (Figure 2-16) (Hiyagon et al., 1992; Honda et al., 
1991; Honda et al., 1993b; Kaneoka et al., 1983; Sarda et al., 1988; Staudacher and 
Allegre, 1989; Staudacher et al., 1986; Staudacher et al., 1990). The maximum observed 
40Arf36Ar ratio from Hawaiian basalts is 6300 + 400 (Valbracht et al., 1997), which is 
similar to the maximum observed ratio from Icelandic glasses of 6500 + 300 (Harrison 
et al., 1999). The maximum 40Ar/36Ar ratio from GIB-related samples is 11,000 + 200, 
from Samoan mantle xenoliths (Farley and Poreda, 1992). These observed ratios may be 
minimum values for true ratios in the mantle sources because air contamination via 
magma-seawater interaction tends to lower the 40 Ar/36 Ar ratio of erupted basalts 
(Patterson et al., 1990). 
The 40 Ar/36 Ar ratios that would be expected for the relatively undegassed lower 
mantle can be calculated using the estimated amount of 40 Ar produced over time. For 
potassium concentrations of 135 to 250 ppm in the silicate Earth, the calculated 
40Ar/36Ar ratios in the Earth are 350 and 500, respectively (Hart et al., 1985). The 
observed 40 Ar/36 Ar ratios in mantle-derived samples can be compared with these 
estimates for the 40 Ar/36 Ar ratios in an hypothetical undegassed mantle. The minimum 
estimated MORB 40Ar/36Ar ratio of 40,000 (Burnard et al., 1997) is certainly much 
higher than the maximum bulk Earth estimate of approximately 500. Most 40 Ar/36 Ar 
ratios from Loihi and Iceland are less than 800, and are close to the bulk Earth estimate, 
but the maximum ratios near 6400 are higher than the bulk Earth estimate, suggesting 
that the OIB sources may be partly degassed. A heterogeneous OIB source, with partly 
degassed and relatively undegassed regions may account for some of the variability in 
40 Ar/36 Ar OIB ratios and the differences between the predicted bulk Earth 40 Ar/36 Ar and 
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Figure 2-15. Histogram of 40 Ar/36 Ar ratios in MORBs (Hiyagon et al., 1992; 
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Figure 2-16. Histogram showing 40 Ar/36 Ar ratios in samples from Loihi and 
Kilauea (Hiyagon et al., 1992; Honda et al., 1993b; Sarda et al., 1988; 
Valbracht et al. , 1997) and Iceland (Burnard et al., 1994; Harrison et al., 
1999). The distribution of 40 Ar/36 Ar ratios from the two localities is similar, 
as is the maximum ratio. 
The relatively high minimum estimate of the 40Ar/36Ar ratio in the MORB source 
(> 40,000) (Allegre et al., 1986/87; Burnard et al., 1997; Moreira et al., 1998) that is 
markedly higher than the atmospheric value of 295.5 is consistent with the previous 
discussion on degassing_ of the mantle to form the atmosphere. Owing to melting and 
extraction of material to produce the crust, the upper mantle MORB source is relatively 
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depleted in large ion lithophile elements, noble gases and other incompatible elements 
(including K, U, Th) relative to the presumed lower mantle source of OIBs. If the upper 
mantle MORB source was not degassed of primordial 36 Ar compared with the OIB 
source so that the 36 Ar concentrations were similar in both sources, the expected higher 
relative degree of depletion of 4°K in the MORB source relative to the OIB source 
mantle would result in a lower predicted 40KJ36 Ar ratio for the MORB source than the 
OIB source. Over time, there would be less 40Ar produced in the MORB source, and 
therefore, the 40 Ar/36 Ar ratios would be lower in MORBs than in OIBs. The MORB 
40 Ar/36 Ar ratios are clearly higher than in OIBs. Thus, the higher 40 Ar/36 Ar ratios in 
MORBs than OIBs suggest that although 4°K is extracted from the MORB source 
during formation of the crust, primordial 36 Ar must have been preferentially degassed 
from the MORB source relative to the OIB source early in the Earth's history (Hart et 
al., 1985), before a significant amount of 4°K (half-life= 1.25 x 109 annum) had decayed 
to 40 Ar (Hart et al., 1985). Degassing of 36 Ar from the upper mantle and part of the 
lower mantle is thought to have occurred in the first 1 Ga of Earth history (Turner, 1989). 
Following the early massive degassing event, 40Ar continued to be produced in the 
mantle by the decay of 4°K to produce the observed relatively high 40 Ar/36 Ar ratios in 
MORBs (e.g., Turner, 1989). 
The higher 40KJ36Ar ratios required for the MORB source compared with the 
OIB source is consistent with the earlier explanations for the more radiogenic 3He/4He 
and nucleogenic 21Ne/22Ne ratios observed in MORBs compared with OIBs. Owing to 
the relatively incompatible nature of the noble gases compared with K, U, and Th, during 
degassing of the Earth, preferential loss of 3He, 22Ne and 36Ar from the MORB source 
mantle would result in lower 3He /[U + Th], 22Ne /[U + Th] and 36Ar/40K ratios in the 
MORB source than the OIB source mantle, giving rise to the observed lower 3He/4He, 
higher 21Ne/22Ne and higher 40Arf36Ar ratios in MORBs compared with OIBs. 
38 Ar/36 Ar ratios 
The 36 Ar/38 Ar ratio of mantle-derived samples have been interpreted to suggest 
that there is a solar component of argon in the Earth's mantle (Pepin, 1998). However, 
although these primordial isotopes of argon have not been augmented by radiogenic or 
nucleogenic isotopes over the Earth's history, it is difficult to distinguish the solar from 
the atmospheric 38 Ar/36 Ar ratio in mantle-derived samples owing to their similar values 
(Table 2-5) and to relatively large analytical uncertainties (Niedermann et al., 1997; 
Poreda and Farley, 1992; Valbracht et al., 1997) (Fig. 2-17). Alternatively, it is possible 
that mantle argon has been contaminated by recycled atmospheric argon introduced into 
the mantle via subducted oceanic crust (Kunz, 1999). The efficiency of recycling noble 
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gases into the mantle at subduction zones has been debated (Staudacher and Allegre, 
1988), making it difficult to evaluate this possibility further. 
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Figure 2-17. 38Ar/36Ar vs. 20Ne/22Ne diagram, after Valbracht et al. (1997). 
The measured 38 Ar/36 Ar ratios from Loihi are commonly lower than the 
atmospheric ratio and it has been suggested that these data support the 
existence of solar argon in the Earth (Pepin, 1998). Loihi data (Valbracht et 
al., 1997); MORB data (Hiyagon et al., 1992); MORB+Plume data (include 
total gas extracted only, because of large uncertainties) are from the East 
Pacific Rise (Niedermann et al., 1997). End-member Solar A (Benkert et al., 
1993 ); end-member Solar B is the estimated average solar composition (Pepin, 
1991; Pepin, 1998); end-member Solar C is measured from lunar regolith 
grains (0.173 + 0.002) (Pepin et al., 1999). CI chondrites (Mazor et al., 
1970); enstatite chondrites shown for reference, but note that the 20Ne/22Ne 
ratio from CI chondrites is used here (Crabb and Anders, 1982); Earth's 
atmosphere (AIR) (Ozima and Podosek, 1983). 
Krypton 
Krypton isotopic compositions in most samples, including tho~e from MORBs, 
plume-derived samples and diamonds are indistinguishable from the composition in the 
atmosphere within experimental uncertainties (Ozuna, 1994). 
Xenon 
Noble gas daughter isotopes that are produced from decay of parent isotopes with 
short half-lives may be used to place constraints on the timing of outgassing of the Earth. 
Several of the xenon isotopes are produced from short-lived parents, e.g., 129Xe from 
129I (half-life of 17 Ma) .and 131-136Xe from 244Pu (half-life of 82 Ma), as well as long-
lived parents 238U (half-life of 4468 Ma). 
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129Xe 
Relatively high 129Xe/130Xe ratios in the mantle relative to the atmosphere have 
been measured in samples from CO2 well gases, including those from Harding County, 
New Mexico (Phinney et al., 1978) and Caroline, South Australia (Caffee et al., 1988); 
MORE glasses (Allegre et al., 1983; Hiyagon et al., 1992; Marty, 1989; Staudacher and 
Allegre, 1982) ancient diamonds from Zaire and Botswana (1.8 and 3.2 Ga, respectively) 
(Ozima and Zashu, 1991); basaltic glass samples from Iceland (Harrison et al., 1999; 
Trieloff et al., 2000) and Hawaii (Trieloff et al., 2000) and ultramafic xenoliths from 
Samoa (Poreda and Farley, 1992). In the Samoan xenolith samples, the relatively high 
129Xe/130xe ratios are associated with relatively primitive helium and neon isotopic ratios 
(Poreda and Farley, 1992). The CO2 well gases from Colorado, New Mexico and South 
Australia also show excesses of 124-128Xe correlated with excesses in 1291-derived 129Xe 
(Figs. 2-18, 2-19) and 20Ne/22Ne ratios that are higher than the atmospheric ratio (Caffee 
et al., 1999). 
The relatively high 129Xe/130xe ratios in mantle-derived samples and CO2 well 
gases relative to the atmospheric ratios have been interpreted as suggesting that most 
(80% or more) degassing of the mantle to produce the atmosphere occurred before all the 
1291 had decayed, or within the first 50 - 100 Ma of the Earth's history, and that the 
mantle source of 129Xe has long been largely isolated from the atmosphere (Allegre et al., 
1983; Staudacher and Allegre, 1982; Turner, 1989). It is also possible that the Earth 
formed from accreted materials that had a range of 129I/Xe initial ratios, and that the 
observed samples with high 129Xe/130Xe ratios are derived from Earth-forming materials 
that were relatively enriched in 1291 (Ozima and Podosek, 1983). 
136Xe 
Relatively high 136Xe/13°Xe ratios relative to atmospheric values are sometimes 
found in modem MORBs and ancient diamonds, and appear to be linearly correlated 
with 129Xe/l30Xe (see Chapter 6). It has been argued that some of the 136Xe may be 
derived from 244Pu (t112 = 82 Ma). Although evidence for both extinct nuclides 1291 and 
244Pu has been found in meteorites, there is considerable debate over whether the 136Xe 
in terrestrial samples is produced predominantly from decay of 244Pu or 238U in 
terrestrial samples (t112 = 4468 Ma) (e.g., Kunz et al., 1998; Podosek, 1970; Podosek 
and Swindle, 1988). This ambiguity arises because the trends produced by fission yield 
of 244Pu and 238U are difficult to resolve in plots of 131Xe/130xe, 132Xe/130Xe and 
134Xe/130Xe versus l36Xe/130Xe (e.g., Kunz et al., 1998). Very precise Xe isotopic 
analyses would be required to deconvolve the contributions of fission-xenon from the 






Well Gas Harding Cty. 
0.475--11 • Endm<>11>bt•r Carnline ff 1 ! i I I 0.0245 TO SOLAR WIND 






0.470 0.0230 I , , 1 I 
6.2 6.4 6.6 6.8 7 7.2 7.4 0.470 0.476 0.482 
129xe /30x e 12sxe/3ox e 
Figure 2-18, left. 128Xe/130Xe versus 129Xe/130Xe for CO2 well gases 
showing a correlation between 128Xe, a primordial isotope, and 129Xe, a 
radiogenic isotope. The atmospheric and MORB compositions are shown, but 
the solar wind ratio (Table 2-7) is not because the production of 129Xe from 
1291 causes the ratios in the well gases to be much higher than the solar ratio. 
Figure 2-19, right. 124Xe/130Xe versus 128Xe/130Xe for CO2 well gases 
showing a trend that can be interpreted as resulting from mixing between solar 
xenon and atmospheric xenon. One sigma uncertainties are shown. (Caffee et 
al., 1999). 
Correlations between xenon isotopes and other noble gas isotopes 
The correlations between the light xenon isotopes (124-128Xe) and 129Xe in CO2 
well gases (Figs. 2-18, 2-19) have been interpreted to indicate the presence of a mantle 
reservoir containing solar xenon, because solar xenon is enriched in the light isotopes of 
xenon relative to the Earth's atmosphere (Fig. 2-7) (Caffee et al., 1999). The MORB-
like neon isotopic ratios and 3He/4He ratios of approximately 3 Ra also suggests 
primordial mantle-derived noble gases are present in these samples (Caffee et al., 1999) 
The relatively low 3He/4He ratios are attributed to addition of radiogenic_ 4He produced in 
the crust. Staudacher (1987) argued that MORB-like neon isotopic ratios in the Harding 
County CO2 well gases implied that the gases, including xenon, were derived from the 
upper mantle. As mantle neon is believed to initially have had a solar isotopic 
composition (see section 2.4.1, Neon), the suggestion that solar primordial xenon in CO2 
well gases is derived from the upper mantle MORB source (Staudacher, 1987) implies 
that all of the noble gases in the mantle, not just the light gases (helium and neon), may 
have originally been dominated by solar gases. However, because solar xenon has only 
been found in CO2-rich well gases and has not yet been found in basaltic mantle-derived 
samples, further investigation is required to determine whether solar xenon is an important 
component in the mantle. 
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Enstatite chondrites are characterized by high I/Xe ratios, as well as O isotopic 
abundances that most closely match those of Earth (Caffee et al., 1988 and references 
therein). Caffee et al. (1988) suggested that the source region of CO2 well gases 
contains a small amount of material derived from enstatite chondrites ( see also J avoy 
(1995)). The correlation between the 129Xe/130xe ratios and the ratios of the lighter 
isotopes of xenon is interpreted to be the result of mixing between solar Xe and 129Xe 
produced from 129! decay in enstatite chondrites in Earth-forming materials (Caffee et al., 
1999). 
Formation and evolution of the Earth's atmosphere 
One of the main reasons for investigating the compositions of noble gases m 
mantle-derived samples is to assist in understanding the origin of the Earth's 
atmosphere. Given that the Earth's atmosphere is likely to be secondary, and to originate 
largely from mantle degassing (e.g., Bernatowicz and Podosek, 1978; Brown, 1952; 
Ozima and Podosek, 1983; Turner, 1989), one of the important objectives in noble gas 
geochemistry is to develop a model to reconcile the atmospheric composition with the 
presumed initial solar, and possibly also meteoritic, noble gas compositions that may 
have contributed to the terrestrial noble gas budget. There are numerous noble gas 
models to describe the origin of the Earth's atmosphere (e.g., Allegre et al., 1986/87; 
Allegre et al., 1987; Brown, 1952; Harper and Jacobsen, 1996; Hart et al., 1985; Javoy, 
1998; Kamijo et al., 1998; Marty, 1989; Matsui and Abe, 1986; Pepin, 1991; Pepin, 
1997; Tolstikhin and Marty, 1998; Turner, 1989; Zahnle et al., 1990; Zhang and Zindler, 
1989), and only a brief and general summary of some of the models is given here. The 
models described below include most of the major factors involved in noble gas models 
to explain the degassing history of the Earth. 
The Earth and other planets probably formed by accretion of planetesimals 
(Wetherill and Stewart, 1989) in the presence of gases from the solar nebula (Donahue 
and Pollack, 1983). Much of the initial gas from the accreting planetesimals is usually 
interpreted to have been lost from the Earth by impact erosion and hydrodynamic escape 
(e.g., Pepin, 1997). As a result, the gases in the Earth are generally inferred to be 
dominated by the solar component. The atmospheric composition differs from the solar 
composition, and may be a mixture of solar gases degassed from the mantle and 
meteoritic gases derived from a late-accreting chondritic veneer ( e.g., Harper and 
Jacobsen, 1996; Kamijo et al., 1998). Other explanations for the composition of the 
atmosphere include fractionation of atmospheric gases by hydrodynamic escape during 
the Moon forming impact (Pepin, 1997)(Kamijo et al., 1998) or addition of cometary 
material (Porcelli and Wasserburg, 1995a). 
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In detail, the means by which the Earth's interior has degassed to form the 
atmosphere is complex. To evaluate the possible degassing mechanisms, most noble gas 
models establish a three reservoir system comprised of the undegassed mantle, the 
degassed mantle, and the atmosphere/crust reservoirs ( e.g., Staudacher and Allegre, 
1982). The mass flux of material into the upper mantle from the lower mantle, and out of 
the upper mantle to the atmosphere are generally assumed to be equal so that the upper 
mantle is in steady state. These models also assume that the Earth and its atmosphere are 
a closed system. This means that the atmosphere plus continental crust are 
complementary to the degassed mantle reservoir, so that if the atmosphere plus 
continental crust were re-mixed into the degassed mantle, the mixture would have a 
composition equivalent to that in the undegassed mantle. In other words, gases 
transferred from the mantle to the atmosphere are not lost from the atmosphere to space 
( except for helium). Some models justify the assumption of a closed system using the 
compositions of 129Xe/130xe ratios in mantle-derived sampless versus in the atmosphere 
(e.g., Zhang and Zindler, 1989). These models postulate that loss of atmospheric gases 
cannot have occurred much later than a few half-lives of 1291, otherwise, the 129Xe/130Xe 
isotopic ratios in the mantle and the atmosphere would be nearly the same. The amount 
of radiogenic 40 Ar that could be lost during a few half-lives of 1291 is negligible, so that 
the closed system assumption is considered to be well-founded for 40 Ar (Zhang and 
Zindler, 1989). However, if the assumptions based on the xenon isotopes are incorrect, 
then the assumption of a closed system for argon may not be valid. Argon mass balance 
in the atmosphere/mantle system is a fundamental part of models to describe mantle 
degassing because it permits estimation of the mass of degassed mantle. As explained 
previously, the amount of 40 Ar produced in the Earth is calculated using the uranium 
content in the bulk silicate earth of ~20 ppb (Hart and Zindler, 1986) and a K/U ratio of 
1.27 x 104 (Jochum et al., 1983). From these values, the 40Ar/36Ar ratio in the mantle is 
estimated to be between 350 and 600 (Zhang and Zindler, 1989), and is interpreted to be 
between 40 and 70% degassed (Zhang and Zindler, 1989). 
The assumption of steady state that is used in many of the terrestrial degassing 
models eliminates the requirement for time-dependent parameters for · present rare gas 
transfers between the mantle and atmospheric reservoirs (Porcelli and W asserburg, 
1995a). The steady state models for mantle-degassing require a mass flux from the 
lower, relatively undepleted mantle, to the upper, more depleted mantle. This mass flux of 
material from the less-depleted mantle is generally postulated to be transported via 
plumes into the upper mantle (e.g., Allegre et al., 1986/87; Kellog and Wasserburg, 
1990). Some steady state models proposed that most of the radiogenic 4He lost at the 
Earth's surface originated in the lower mantle and was transferred from the lower to the 
upper mantle via diffusion (see Chapter 3) (Allegre et al., 1986/87; O'Nions and 
Oxburgh, 1983). In contrast, the heavier noble gases, argon, krypton and xenon were 
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believed to be trapped below a boundary layer between the upper and lower mantles 
owing to their relatively low diffusivities compared with that of helium (Allegre et al., 
1986/87). Other, non-steady state models to describe Earth degassing have also been 
proposed, and though some include a mass flux of noble gases and lower mantle material 
into the upper mantle (Porcelli and Wasserburg, 1995a), others include only mass flow 
of material, without noble gases, from the lower to the upper mantle (Kamijo et al., 1998). 
The time-scale and mechanisms of degassing are also important factors in models 
to describe degassing of the Earth to form the atmosphere. Degassing of the Earth 
occurs through volcanism at ridge crests and hot spots, and through hydrothermal 
activity. The mechanism proposed to cause degassing controls the ratios of noble gases 
to radioactive parent isotopes, such as [U+ Th]/22Ne, [U+ Th]//3He, 129I1130Xe, 40Kf36Ar, 
and hence the noble gas isotopic ratios, 21Ne/22Ne, 4He/3He, 129Xe/130Xe and 40Arf36Ar, 
respectively. One model postulated two-stage degassing, comprised of an initial rapid 
stage, and a later relatively slow stage to explain the noble gas isotopic ratios ( e.g., 
Allegre et al., 1986/87). The early, rapid stage would have occurred when the Earth was 
relatively hot, i.e., during the first 50 Ma of Earth history. This early degassing is 
postulated to have been a massive event, and to have caused 80 to 85% of the total 
degassing of stable isotopes from the mantle. The relatively high 129Xe/130Xe isotopic 
ratios observed in mantle-derived samples were postulated to have been produced in the 
mantle during this early stage of degassing, prior to decay of all the 129I. The second 
stage of relatively slow degassing occurs owing to processes such as seafloor spreading 
and is estimated to have caused 15-20% of the total degassing of the stable isotopes from 
the mantle (Allegre et al., 1986/87). The high relatively high 40Ar/36Ar ratios in MORBs 
would be produced during this period, owing to continuous degassing at ridge-crests. 
An alternative type of model proposed that the Earth may have acquired two solar 
gas reservoirs: one that was occluded from the nebula on to planetary embryo materials, 
and the second that was co-accreted as a primary atmosphere from the degassing of 
impacting planetesimals during planetary growth (Pepin, 1997). Following degassing of 
solar gases from the Earth to the atmosphere, the atmospheric gases are postulated to 
have been isotopically fractionated by hydrodynamic escape caused by the thermal 
energy derived from the giant impact that formed the Moon (Benz and Cameron, 1990; 
Pepin, 1997). Subsequent degassing of some of the solar gases from the Earth's interior 
can account for the present-day abundances and isotopic compositions of atmospheric 
krypton and argon. However, the 20Ne/22Ne ratio is fractionated to values higher than 
the atmospheric ratio, and addition of solar neon from degassing of the Earth would 
further increase the isotopic ratio. There is no postulated addition of neon from 
meteorites in this model, so to produce the current atmospheric neon isotopic 
composition would require an episode of hydrodynamic escape driven by extreme 
ultraviolet solar radiation that was strong enough to entrain neon but not the heavier 
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gases. The 21Ne/22Ne ratio is also fractionated, but can be reconciled with the present-
day atmospheric composition by addition of nucleogenic 21 Ne degassed from the Earth. 
A fractionation process driven by thermal energy from the giant impact can explain the 
fractionated terrestrial xenon abundances if it is assumed that xenon was partitioned into 
solid phases under high pressures and was never transported into the atmosphere (Pepin, 
1991). Subsequently, the atmospheric composition would then be modified by addition 
of radiogenic and fissiogenic isotopes of xenon produced in the Earth. 
In summary, these models show that the Earth's atmosphere may be understood 
as having been produced in part by degassing primordial gases from the Earth's mantle 
reservoirs, fallowed by relatively slow degassing of radiogenic gases produced in the 
mantle over time. It is unclear whether additional components derived from late-accreting 
material (e.g., chondrites or comets) are required to account for differences between the 
predicted and observed gas concentrations and noble gas isotopic ratios in the Earth's 
atmosphere. 
2.4.2 Part II: Elemental ratios 
The large range in atomic radii and masses of the noble gases causes them to each 
behave rather differently during melting, degassing of magmas and crystallization. Noble 
gas elemental abundances in mantle-derived samples are probably controlled by a 
number of factors that include diffusion, solubility controlled fractionation and crystal-
melt fractionation (Section 2.2). The elemental ratios of noble gases in different phases 
or systems can potentially be used to identify such processes. Mantle noble gas 
elemental ratios are calculated from the isotopic ratios, rather than being obtained directly 
from the measured concentrations, because using isotopic ratios permits correction for 
atmospheric contamination of mantle-derived noble gases. The low abundance of helium 
in the atmosphere means that contamination of mantle-derived helium in samples is 
minimal; it is not usually necessary to correct the measured helium abundance for 
atmospheric helium contamination. However, corrections must be made for atmospheric 
contamination of mantle-derived neon and argon. The solar component of 22N e (22N e8) 
and the nucleogenic component of 21Ne (21Ne*) can be calculated using equation (2-9). 
The amount of radiogenic argon (40 Ar*) in a sample can be approximated using equation 
(2-11) (Marty and Ozima, 1986 and references therein): 
( 
40 Ar) 
36 Ar meas 
40 Ar* +(40 Ar)atm 
- 36 ( Ar)meas 
[ 
40 Ar J 40 Ar* (40 Ar)air 
36 = 36 + 36 36 Ar ( Ar) meas ( Ar) mantle +( Ar) air meas 
42 
' 





36 Ar :::= ( 36 Ar) + 36 Ar . 
meas meas arr 
(2-10) 
40 Ar* :::=(36 Ar)meas X [ (40 Ar/36 Ar)meas -(40 Ar/36 Ar)air] (2-11) 
The calculated 40 Ar* is a minimum estimate for the actual 40 Ar* in the sample owing to 
the simplifying assumption made in equation (2-10) that (36Armantle + 36ArAIR ) is 
approximately equal to 36ArAIR. This estimate for 40Ar* is a good approximation to the 
true value because the concentration of atmospheric 36 Ar in most samples is generally 
high. 
The theoretical mantle elemental production ratios (Table 2-8) are used as 
reference values for comparison with the calculated elemental abundance ratios of 
21Ne*/40Ar*, 4He/40Ar*, and 4He/21 Ne* from mantle-derived samples. The mantle 
production ratios are considered to lie within a range between the present-day and time-
integrated (4.5 Ga) mantle ratios. The primordial ratio (3He/22Ne8) is compared with the 
measured solar or estimated primordial ratios (Table 2-8). 
Table 2-8. Elemental ratios in the Earth's mantle and solar wind 
Ratio Present Production Solar MORB OIB Mean 
production ratio over primordial 
ratio 4.5 Ga (mean) (mean) ratio 
4He140Ar* 5 (a) 1.7 (a) 
21Ne*140 Ar* 2.2xlo-7 7.7 X 10-8 
22Ne136Ar NIA NIA 3.4 ± 0.2 0.06 (d) 
(c) 
3He/22Ne8 NIA NIA 3.8 (e) 10 ± 2 (f) 6 ± 1 (f) 8 ± 3 (f) 
(a) (Honda and Patterson, 1999) (b) (Yatsevich and Honda, 1997) (c) (Murer 
et al., 1997); ( d) (Moreira et al., 1998); ( e) (Benkert et al., 1993) (f) (Honda 
and McDougall, 1998). NI A = not applicable. 
A previous study by Honda and Patterson (1999) has shown that the elemental 
abundances of noble gases in mantle-derived samples from MORBs, OIBs and BABBs 
are highly variable. These ratios may potentially be used to understand the effect of melt 
generation on noble gas elemental ratios and hopefully to obtain information about the 
nature of mantle source regions. 
Some of the observations and conclusions drawn by Honda and Patterson (1999) 
regarding elemental abundance ratios in mantle-derived samples are briefly summarized 
here, and will be discussed further in Chapter 7. The 4He/40Ar*, 4He/21Ne* and 
3He/22Ne8 ratios from MORBs, OIBs and BABBs show elemental fractionation over 
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several orders of magnitude relative to the primordial/production ratios (Fig. 2-20A-F). 
The data from MORB and BABB glasses have He/Ne and Ne/Ar elemental ratios that 
are generally higher than the reference ratios by up to two orders of magnitude. In 
contrast, data from OIB glasses and phenocrysts have elemental ratios that are less than 
or equal to these reference values. These elemental ratios from MORBs, OIBs and 
BABBs show a positive correlation with the absolute abundance of helium (Fig. 2-20A). 
The enrichment of 4He in MORBs relative to OIBs (Fig. 2-20A) appears to 
suggest that the MORB source is enriched in helium relative to the OIB source. If true, 
this would contradict the interpretation given previously in this chapter based on isotopic 
ratios that MORBs are derived from a relatively degassed mantle, but OIBs, such as 
Loihi, are derived from relatively undegassed mantle (Honda and Patterson, 1999). 
However, it is possible that helium is preferentially enriched in the melt phase in MORBs 
relative to OIBs owing to differences in the geometry or thermal structure between ridges 
and intraplate oceanic islands (Honda and Patterson, 1999). 
44 
Noble gas introduction and background 
103 102 
•• • 







< 101 !-. 
.~ < 100 
.....___ ~ d-"' ~ 
Q) 10° .......... ~ 
~Daa 
Q,I 
::c ~aa 10-l 
10-1 '<I< a oo rJaarP, Cl Q o dtla a 
O Ea A o a B 
10-2 10-2 0 
10-10 10-9 10-8 10-7 10-6 10-5 10-4 10-9 10-8 10-7 10-6 10-5 10-4 
4 3 He,cm STP/ g 40Ar*, cm2sTP / g 
104 -t--......,1,, __ ._ _ __.__---.jL---L 109 
* l0-5 SRMD r 108 ••• t 
J.s • / . .. ~ " • » 
< -6 *ll) 7 -a-~ 10 o• a 8 : ,6 ~ I z 10 a 
*Q) 10-7 0 0 . . . , • ~ 106 ~ - . .....___ o~ S V•tr .... aC.... z If • Q) •• • 
~ D "T" o 
lff8 CCI '/ .J;""" 105 o 0o G 







10-1 10° 101 1a2 103 10-2 10-1 HJ° 101 102 103 
4He/ 40 Ar"" 4He / 40 Ar* 
103 • I I I , I 103 I 
102 a OIB phenocryst 
• MORB glass 
. 10'] • o OTB glass 
NZ 101 .. 1):.,, • 101 • 
.a.cl 
"' N 100 .......... 
*Q) 100 
10-1 i , i:i . 1,1 • 10-1 
10-2 ~ E L ooo F 
104 106 HY 108 109 10-~6-2 16-1 10° 161 1b2 103 
4H:e / 21Ne* 4He;4° Ar* 
Figure 2-20A-F. Elemental abundances and abundance ratios from 
phenocrysts and glass separates from MORBs, BABBs and OIBs from Honda 
and Patterson (1999 and references therein). Note that the symbols used for 
MORBs and BABBs are the same because the data lie on similar trends. The 
solar/primordial elemental abundances and the mantle production ratios from 
Table 2-5 and 2-8 are shown as grey bands in Figs. A - B and as orange 
squares in C - F. "P.R." stands for "popping rock" or the MORB sample 
with very high CO2 concentrations (Burnard et al., 1997; Moreira et al., 1998; 
Sarda and Graham, 1990). The diagonal lines in 2-21 C shows elemental 
fractionation that would be produced by volume diffusion, which can be 
approximated by "square root of the mass difference behaviour" (SRMD) so 
that: ~(He/Ar)=l.55 ~(Ne/Ar) (Honda and Patterson, 1999). The data do not 
lie along the SRMD trend, and instead the data appear to suggest that 
~(He/ Ar)=20 ~(Ne/ Ar). This suggests that the data may not be consistent with 
any mass dependent process (Honda and Patterson, 1999). 
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Although solubility controlled fractionation could explain the elemental ratios in 
MORE glasses that are enriched in the light element compared with the 
primordial/production ratios, this process is not entirely consistent with the observed 
trends in the data (Honda and Patterson, 1999). During successive episodes of solubility 
controlled fractionation, the absolute concentration of the light gas (e.g., 4He) in the 
residual melt phase should decrease as the ratio of the light/heavy gas (e.g., 4He/40 Ar*) 
increases. The expected negative correlation between gas concentration and elemental 
ratios, such as the 4 He concentration and 4 He/ 40 Ar* ratios, is not observed (Figure 2-
2OA) so that some other explanation is required to explain the high 4He/40 Ar* ratios in 
MORE glasses (Honda and Patterson, 1999). A possible interpretation is that a mass-
threshold process which primarily affects helium abundances may produce the observed 
elemental abundance ratios. It is possible that helium enrichment in MORB glasses may 
result from contamination of outgassed magmas by helium that has been preferentially 
excluded or extracted from the 8-km thick section of crystallising oceanic crust beneath 
the ridge axis (Honda and Patterson, 1999). 
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CHAPTER3: GEOCHEMICALAND 
GEOPHYSICAL PERSPECTIVES ON 
MANTLE CONVECTION 
3.1 Introduction 
Understanding the structure and style of convection in the Earth's mantle has been 
approached using geochemical, seismic and geodynamic observations. Seismic and 
petrologic evidence indicates that the Earth's mantle consists dominantly of crystalline 
solids. The mantle is bounded by a cold, relatively rigid upper layer, the crust, and a 
relatively hot ( ~ 3500°C) lower boundary layer at the core mantle boundary. Seismic 
evidence has also revealed a discontinuity at 670 km depth, which is thought to result 
from a phase change of olivine from the spinel to perovskite structure in the mantle 
(Ringwood and Irifune, 1988). 
The argon mass balance arguments described in Chapter 2 suggest that a mass of 
the mantle equivalent to about one-half to two thirds of the total mantle is likely to have 
been degassed of noble gases. This mass is roughly equivalent to, or somewhat greater 
than, the mass of the mantle above the 670 km discontinuity. The mantle is unlikely to 
have been uniformly degassed; the noble gas isotopic ratios (including helium, neon and 
argon) suggest that the upper mantle mid-ocean ridge basalt (MORB) source has been 
preferentially degassed relative to the ocean island basalt (OIB) source (see Chapter 2). 
Introduction of a large flux of outgassed upper mantle material or subducted slabs into 
the lower mantle and subsequent radiogenic ingrowth of 4He and 40Ar was considered 
likely to destroy the relatively primordial 3He/4He signature of lower mantle material as 
sampled by oms such as Loihi and Iceland (Albarede, 1998). This kind of evidence led 
to the development of a two-layered mantle model (see Chapter 2), in which the lower 
mantle was relatively isolated from mass input from subducted slabs or upper mantle 
material. In this model, plumes were believed to originate from a boundary layer at ~670 
km, and to transfer geochemically unprocessed "primitive" lower mantle material across 
the boundary layer into the upper mantle. The geochemical cycles in the upper mantle 
were believed to be in steady state, so that the flux of primitive material via plumes from 
the lower mantle into the upper mantle was balanced by the flux of material out of the 




In contrast to the layered mantle model, the whole mantle convection model 
involves subduction of recycled oceanic crust into the lower mantle, rather than simple 
mass exchange between the upper and lower mantles (Sun and McDonough, 1989). The 
whole mantle convection model was developed largely in response to evidence from 
seismic tomographic images that showed that subducted oceanic lithosphere penetrates 
through the 670 km seismic discontinuity into the lower mantle to depths of at least 1500 
km, where the seismic images lose their resolution (Creager and Jordan, 1984; Phipps 
Morgan, 1998; van der Hilst et al., 1997). These seismic images make it difficult to 
support preservation of primitive mantle material in the lower mantle by the existence of a 
permanently layered mode of convection (Albarede, 1998) because they show that tbe 
lower mantle is unlikely to have been completely isolated throughout the Earth's history. 
In the whole mantle convection model, plumes are believed to consist largely of material 
entrained from the lower mantle, and some of these plumes have relatively primitive 
3He/4He ratios. If the lower mantle has not been isolated from convection, some 
explanation is needed for how relatively primitive 3He/4He ratios are preserved in the 
lower mantle. 
The new geophysical evidence demands a careful reassessment of the very basic 
premises of the geochemical models of rare gas cycles. In particular, the requirement that 
a substantial fraction of the rare gas inventory appears to be stored in the lower mantle 
needs to be evaluated (Albarede, 1998). As will be shown in this chapter, re-evaluating 
the basic assumptions may relax the constraints from helium and argon that have been 
used to support a layered mantle model. However, the means by which primitive noble 
gas signatures observed in some OIBs are preserved in a whole-mantle convection 
regime is not well understood. One possibility is that although isolation times for 
chemical heterogeneities in the upper mantle may be as short as a few hundred million 
years, in the lower mantle they may extend to billions of years (Sun and McDonough, 
1989). It is also possible that transfer across the 670 km may have been episodic 
(Solheim and Peltier, 1994), and/or to have evolved with time (Allegre, 1997). 
In this chapter, several of the lines of evidence that have been used to understand 
the composition and structure of the mantle will be evaluated. These include: ( 1) use of 
strontium, neodymium and lead isotopic compositions of mantle-derived samples to 
identify different mantle end-members; (2) incompatible element ratios, such as Nb/U 
and Nb/Th ratios; (3) the primitive mantle K/U ratio and argon mass balance arguments; 
( 4) the helium and heat fluxes from the Earth and assumptions of steady state; (5) a 
changing mode of convection; and ( 6) the effect of viscosity on the rate of mantle 
convection. Many of the details of how to reconcile the geochemical evidence with 
geophysical evidence for whole mantle convection have yet to be resolved. 
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Figure 3- lA. Layered mantle convection model. The upper mantle is 
depleted by extraction of material to form the continental crust. Subducted 
slabs (gray) of oceanic crust do not penetrate through the 660-670 km 
discontinuity to the lower mantle OIB source. Plumes are believed to arise 
from the 670 km discontinuity. The lower mantle OIB source is not processed 
by convection and thus is relatively undepleted compared with the initial 
primitive mantle composition. Figure 3-lB. Whole mantle convection model. 
Subducted slabs penetrate through to the lower mantle, and nearly the entire 
mantle is stirred by convection. Some relatively unprocessed primitive 
material (red) may survive to generate the primitive 3He/4He ratios observed 
in some OIBs. After Phipps Morgan (1998). 
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3.2 Evaluation of the layered mantle model 
3.2.1 Strontium, neodymium and lead isotopic ratios in mantle-
derived samples 
It has long been understood that the continental crust was produced by partial 
melting and extraction from part of the Earth's mantle (e.g., Armstrong, 1981; Gast, 
1960; O'Nions et al., 1979). The original composition of the Earth is assumed to be 
equivalent to the primitive mantle, or bulk silicate Earth composition. This is the 
composition of the silicate portion of the Earth after core separation but prior to 
segregation into the crust and present-day mantle, and is commonly considered to be 
approximated by the composition of chondritic meteorites (McDonough and Sun, 1995; 
O'Neill and Palme, 1998). Although the chondritic Earth model does not hold for more 
volatile elements (alkalis, etc.) it is useful for comparative purposes for non-volatile 
elements (Gast, 1960). It is possible to estimate the proportion of the mantle that has 
been depleted by extraction of material to form the crust by comparing the compositions 
of different species ( e.g., uranium, neodymium) in the crustal and mantle reservoirs with 
the primitive mantle composition. MORB samples are more depleted in incompatible 
trace elements than OIB samples, and neodymium isotopic systematics suggest that the 
continental crustal material was preferentially extracted by partial melting of the upper 25 
- 30% of the volume of the originally primitive mantle (O'Nions et al., 1979; Phipps 
Morgan, 1998; Sun and McDonough, 1989; Wasserburg and DePaolo, 1979). Further 
evidence that the upper mantle MORB source may be the complementary reservoir to the 
continental crust is shown by 143Nd/144Nd and 87Sr/86Sr isotopic ratios. Both MORBs 
and oms lie on a trend that points to the composition of continental crust (Fig. 3-2), but 
MORBs have experienced a greater degree of depletion in incompatible elements than 
Oms (Hofmann, 1997). 
The geochemical differences between the composition of MORBs and OIBs 
contributed to the development of a model for a chemically layered mantle, comprised of 
a depleted upper mantle MORB source, and a relatively undepleted, or more primitive, 
lower mantle OIB source (Fig. 3- lA) ( e.g., Allegre et al., 1983 and references therein). 
The relatively undepleted om source is interpreted to have a composition similar to that 
of the primitive mantle. The 670 km discontinuity has been inferred to be the boundary 
between the upper and lower mantles because the mass of the mantle above the 670 km 
discontinuity is approximately the same as the proportion of the mantle estimated to have 
been depleted by melting to form the crust. 
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OIB-source geochemical heterogeneity 
In detail, as will be shown below, OIBs are highly variable in terms of 
neodymium and lead isotopic compositions. OIB compositional variability has been 
explained in terms of mixing between a number of chemically and isotopically distinct 
mantle components. These postulated end-members include: "EM-1" (i.e., End 
Member I), "EM-2" and "HIMU" (high µ = 238U/204Pb, and 206pb/204pb > 20) 
components (Carlson, 1994) (Figs. 3 - 3 A, B). 
The wide range of isotopic compositions observed in OIBs have been attributed 
to subducted or recycled material (see review papers by Carlson, 1995; Hofmann, 1997, 
and references therein). It has been proposed that the EM-1 component (Pitcairn and 
Tristan da Cunha hotspots) may be derived from delaminated subcontinental lithosphere, 
and the EM-2 component (Societies and Samoa hotspots) could be explained by small 
amounts of recycled sediment in the OIB source. The HIMU component has been 
attributed to recycled oceanic crust in the OIB source (Armstrong, 1968; Armstrong, 
1981; Chase, 1981; Hofmann and White, 1982). Mixing between these mantle 
components is postulated to rise to "FOZO" (focal-zone), which is the point of 
convergence in three dimensional isotope diagrams of linear data arrays for individual 
ocean islands (Fig. 3-2). These various OIB mantle end-members may mix only to a 
limited extent with depleted MORB mantle (DMM) (Carlson, 1994). There is also a 
point called "C" (Common) that is analogous to FOZO, except that it represents the 
point of convergence of isotope arrays for data from MORBs rather than OIBs (Fig. 3-
2). The compositions of FOZO and C both differ from the primitive mantle composition, 
but the primitive mantle composition lies within the field defined by the linear arrays 
formed by mantle-derived samples (represented by PRIMA in Fig. 3-2 and by the 
geochron in Fig. 3-3A). 
The heterogeneous isotopic compositions of different OIBs conflict with the view 
based on the layered mantle model that the lower mantle OIB source has been isolated 
from convection. Although geochemical evidence is inconclusive in providing a means to 
evaluate the origin of isotopic heterogeneity in OIBs, the chemical variability does show 
that OIBs cannot have been derived solely from a chemically uniform primitive lower 
mantle reservoir (Hofmann, 1997). In fact, primitive mantle does not even appear to be 
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Figure 3-2. Neodymium versus strontium isotopic ratios from MORBs 
(including Atlantic, Pacific and Indian MORBs) and OIBs (including HIMU, 
EM-1, EM-2 and other OIBs). The compositions of FOZO (focus zone of 
OIB data), "C" ("common" composition, or the convergence of the trends 
formed by MORB data) and PRIMA (primitive mantle) lie in the trend defined 
by the isotopic ratios of oceanic basalts. This trend points to the composition 
of the continental crust. Figure from Hoffmann (1997). 
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Figure 3-3a. 207Pb/204Pb versus 206Pb/204Pb, showing data from the same 
samples as in Figure 3-2, using the same symbols and color codes. The 
compositions of FOZO and "C" are as described in Figure 3-2. UCC and 
LCC are the average compositions of the upper and lower continental crust, 
respectively. The locus of possible primitive mantle values assuming an 
overall age of the mantle of 4.50 Ga is shown by the solid line labelled 
"Geochron." The data lie on a trend that intersects the geochron, with some 
data lying to higher and lower values than the geochron. Figure 3-3b. 
208pb/204pb versus 206pb/204Pb. Figures from Hoffmann (1997). 
Nb/U and Nb/Th ratios 
As described above, there has been considerable debate over whether the lower 
mantle is entirely or even substantially primitive in composition (Allegre et al., 1996; 
Allegre and Turcotte, 1985; Hofmann et al., 1986; Jacobsen and Wasserburg, 1979; 
O'Nions et al., 1979; O'Nions and Tolstikhin, 1996). The differentiation processes that 
produced the modem mantle from the postulated initial primitive mantle composition may 
be further evaluated using trace element ratios, such as Nb/U and Nb/Th. 
During partial melting to produce OIBs and MORBs, uranium and niobium are 
believed to behave incompatibly (i.e., to partition into the melt phase) and to have similar 
partition coefficients, so that the Nb/U ratios in these rocks are believed to be essentially 
the same as in their mantle source region (Hofmann et al., 1986; Sims and DePaolo, 
1997). Most OIBs (with the exception of EMI), have Nb/U ratios within the range found 
in MORBs (47 + 10) (Hofmann et al., 1986). In contrast, during extraction of the 
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continental crust from the mantle and in arc settings/subduction zones, niobium is 
believed to behave compatibly ( owing to the presence of titanium bearing minerals), 
whereas uranium behaves incompatibly, giving rise to relatively low Nb/U ratios near 10 
(Hofmann et al., 1986). The Nb/U ratios in OIBs and MORBs do not appear to support 
a predominantly primitive mantle composition in the OIB source, as the primitive mantle 
Nb/U ratio is postulated to be close to the chondritic value of 30 (Hofmann et al., 1986). 
Two explanations have been given for why there is no evidence for a primitive 
mantle component in OIBs. One possible explanation is that OIB-type sources have 
been well-mixed with the depleted MORB reservoir in terms of incompatible elements 
(Hofmann et al., 1986). A second possible explanation is that the mantle material from 
the core-mantle boundary initiates the ascent of plumes, but the main chemical and 
isotopic characteristics of OIBs are derived from shallower mantle above 1000 km (Sun 
and McDonough, 1989, and references therein). This explanation is not consistent with 
geophysical models of plumes. Geophysical models suggest that when plumes rise 
vertically from the core mantle boundary, entrainment of surrounding material occurs 
predominantly at the base of the lower mantle (Campbell, 1998, and references therein). 
This implies that OIBs should retain the chemical and isotopic characteristics of material 
derived from near the core-mantle boundary rather than from the shallower mantle above 
1000 km. 
The KIU ratio of the bulk silicate Earth and argon mass balance 
The mantle K/U ratio is one of the fundamental parameters used in calculating the 
argon mass balance in the Earth (see Chapter 2). This is because the uranium content of 
the mantle is believed to be well determined and equal to 20 ppb, so that knowledge of the 
K/U ratio permits the potassium content of the mantle to be estimated. Despite the 
different ionic charges and radii of Kand U, the K/U ratio of the mantle is observed to be 
nearly constant in most MORBs (12700) (Jochum et al., 1983). This near-constant ratio 
suggests that K and U have nearly identical effective bulk partition coefficients during the 
processes of depletion and partial melting to form MORBs (Jochum et al., 1983). Other 
similar but somewhat lower estimates for the mantle K/U ratio of 104 were obtained 
based on the K and U abundances in crustal rocks (Wasserburg et al., 1964). Some 
OIBs, including HIMU and EM-type OIBs, have a range of K/U ratios, and some 
enriched MORBs (E-MORBs) have "anomalous" K/U ratios (Table 3-1). However, 
the origin of these anomalous K/U ratios may be attributed to recycled components and 
do not necessarily provide insights into the possible value of the primitive mantle K/U 
ratio. 
The basic inconsistency between the argon mass balance argument and the whole-
mantle convection model is that if the entire mantle convects, it is likely to have been 
processed by mantle melting, and therefore is likely to be outgassed of much of its 
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radiogenic 40 Ar. One approach to reconciling argon mass balance with whole-mantle 
convection models is to re-evaluate the commonly accepted K/U ratio of the primitive 
mantle. It is possible that the average K/U ratio of 12700 + 200 measured in most 
MORB glasses (Jochum et al., 1983) is not truly representative of the primitive mantle 
value (Albarede, 1998; Davies, 1999). The mantle K/U ratio may be somewhat lower 
than 12700, and is probably not known to better than a factor of two (Albarede, 1998; 
Davies, 1999). The argon mass balance arguments presented in Chapter 2 are based on 
the assumption that the measured K/U ratio in MORB glasses of 12700 + 200 (Jochum 
et al., 1983) is equal to the primitive mantle value. If the initial mantle K/U ratio was 
close to 6000, the 4°K content of the mantle would be decreased by 50% for a given 
uranium abundance (Albarede, 1998). Consequently, the expected amount of radiogenic 
40Ar (40Ar*) that would be produced in the mantle would also be lowered. A lower 
concentration of 40 Ar* in the mantle relaxes the constraint on the proportion of the 
mantle that remains relatively undegassed and isolated from melting and convection 
processes. A layered, or stratified mantle structure would therefore no longer be required 
by argon mass balance. Other possible explanations, such as loss of substantial amounts 
of 40 Ar* from the Earth's atmosphere, or storing 40 Ar* in the core, are difficult to 
evaluate (Davies, 1999). 
Table 3-1. Average K/U ratios in MORBs and OIBs 
N-MORB HIMU EM-OIB Anomalous MORB 
K/U (average) 12,700 (a) 7,200 (b) 11,000 (c) 5,714 (d) 
(a, d) (Jochum et al., 1983) (b, c) (Sun and McDonough, 1989) 
Other assumptions in 40 Ar* mass balance arguments 
An alternative approach to resolving the apparent inconsistency between the argon 
mass balance argument and the whole mantle convection model is to evaluate the effects 
of a relatively slow rate of mantle convection. If the mantle convects slowly, a relatively 
small amount of the mantle will be melted over a given time period, which would in turn 
lead to relatively slow rates of 40 Ar* degassing from the mantle. Hence, the 40 Ar* mass 
balance arguments may not place constraints on the style of mantle convection if parts of 
the mantle convect slowly relative to the half-life of 4°K (Phipps Morgan, 1998). The 
40Ar* mass balance arguments (see Chapter 2) are based on the total amount of 4°K and 
40 Ar*, and not on the spatial distribution of 40K _40 Ar* in the mantle. Although 40 Ar* is 
produced in relatively large quantities within the mantle, it may be contained in a part of 
the mantle that has not been processed by melting and degassing since the 40 Ar* was 
produced (Phipps Morgan, 1998). 
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How often the lower mantle has been processed (melted and degassed) by 
convection ( overturn, differentiation and recycling) is not known. It has been suggested 
that higher heat flow from radioactive decay in the early Earth's history may have driven 
convection that was up to 20 times faster in the past than at present (Phipps Morgan, 
1998). The time needed for one mantle overturn at the current mantle temperature is 
estimated to be very long, from 5.7 to 9.5 Ga, owing to cooling of the mantle over time. 
This means that a significant amount of 40 Ar* produced during the most recent 3 Ga of 
mantle evolution may still be retained in the mantle. For a mantle K/U ratio of 12700, 
and using the past and present-day rates of mantle overturn described above, between 25 
and 60% of the 40 Ar* produced in the mantle can be retained, respectively (Phipps 
Morgan, 1998). Previous estimates based on argon mass balance arguments suggest that 
more than 50% of the mantle mass is degassed (Chapter 2). It may alternatively be 
possible that owing to relatively slow mantle convection and overturn, only 50% of the 
mantle mass has been degassed since the 40 Ar* was produced within it (Phipps Morgan, 
1998). This means that a layered mantle is not necessarily required to explain the 40 Ar* 
mass balance. 
3.2.2 Helium and heat fluxes 
The observed fluxes of 4 He and heat from oceanic areas are 4 x 109 atoms/m2s2 
(Craig et al. , 1975) and 100 mW/m2, respectively (Oxburgh and O'Nions, 1987). Decay 
of uranium and thorium should account for about 75% of the radiogenic heat produced at 
present; decay of 4°K produces much of the remaining 25% radiogenic heat (O'Nions 
and Oxburgh, 1983). The uranium and thorium required to support the radiogenic 4He 
flux from the mantle, combined with the amount of potassium estimated from the K/U 
ratio of ~ 1 x 104, would generate only a small amount of the observed heat flux 
(Oxburgh and O'Nions, 1987). The observed 4He/heat ratio is 4 x 1010 atoms/Joule, but 
the expected production ratio is much higher, on the order of 1012 atoms/Joule (Oxburgh 
and O'Nions, 1987). 
Another way of expressing the discrepancy between helium and heat flux is that 
the uranium required to produce the measured 4He flux from the mantle would account 
for only 5% of the heat flow. Although the distribution of uranium and thorium in the 
mantle that produce the radiogenic 4He is not constrained, if it is assumed that all 4He is 
produced by uranium decay only in the upper mantle, the upper mantle uranium content 
would be 5 ppb (with equivalent thorium) (O'Nions and Oxburgh, 1983; Oxburgh and 
O'Nions, 1987). This value is consistent with other estimates for the uranium content of 
the depleted mantle (O'Nions and Oxburgh, 1983, and references therein). This means 
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that the observed radiogenic 4He flux can be accounted for by decay of 5 ppb uranium in 
the upper mantle, but the observed heat flow cannot. 
To further understand the reasons for the differences in expected versus observed 
helium and heat fluxes, Oxburgh and O'Nions (1987) showed that the radiogenic helium 
flux from the mantle is lower than would be predicted based on the estimated bulk Earth 
uranium content of 20 ppb. Oxburgh and O'Nions (1987) calculated that the observed 
helium flux is only 10% of that which would be predicted from this uranium content. In 
contrast to the lower than expected helium flux, the measured heat flow is higher than that 
supported by present day, whole-Earth radioactive decay. 
From these observations, there are two questions that need to be answered: first, in 
what part of the Earth might the helium remain trapped while radiogenic heat is readily 
transferred to the surface? And second, why is the expected heat flow based on present 
day, whole-Earth radioactivity much lower than observed heat flow? A possible answer 
to the first question is that because the amount of heat flux is much higher than the 
helium flux, radiogenic heat is postulated to be able to pass through the 670 km 
discontinuity between the lower and upper mantles and reach the Earth's surface by 
conduction (McKenzie and Richter, 1981) much more readily than radiogenic helium. 
The radiogenic helium may remain preferentially trapped in the lower mantle (O'Nions 
and Oxburgh, 1983). With regard to the second question, the higher than expected heat 
flow may be reconciled with the expected present day, whole Earth radioactivity if there is 
a thermal time constraint on heat loss. In other words, although the diffusivity of heat 
through the boundary layer may be higher than that of helium, the boundary layer is 
postulated to impose a thermal time constant of about 2 x 109 years on heat loss from the 
Earth (Oxburgh and O'Nions, 1987) so that the present day heat flux is actually derived 
in part from radiogenic heat produced in the past. The differences in heat and helium 
fluxes from the Earth suggest that the lower mantle is convectively isolated from the 
upper mantle (Oxburgh and O'Nions, 1987). 
Calculated fluxes based on the assumption of steady state 
Elements that are at steady state have input and output fluxes that are necessarily 
equal. Calculations based on a layered mantle model use the assumption of steady state 
to determine the heat, mass and geochemical fluxes into and out of the MORE source 
(e.g., Galer and O'Nions, 1985; White, 1993) (see Chapter 2). The helium and heat 
argument described above assumes that the flux of helium from the lower mantle to the 
upper mantle is equal to the flux from the upper mantle to mid ocean ridges (MORs). 
The mechanism of mass transfer from the lower to the upper mantle is postulated to be 
bulk entrainment from plumes (Kellog and W asserburg, 1990), which means that the 
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238U/3He ratios of the plume source and MORB source should be similar (O'Nions and 
Tolstikhin, 1994 ). 
It is possible to evaluate the assumption of steady state by comparing 
geochemical and geophysical observations. The calculated 238U/3He ratios in the plume 
source may be used to estimate the plume flux into the upper mantle that is required to 
account for the 3He loss through MO Rs (note that the above discussion of helium/heat 
fluxes could have used 3He instead of 4He ). For a primitive mantle U content of 20 ppb 
and a calculated 238Uf3He ratio of 0.98 x 103, the lower mantle 3He concentration is 8.6 
x 10·14 mol/g, equivalent to a total 3He content of 2.6 x 1014 mol in the lower mantle 
(O'Nions and Tolstikhin, 1994). Entrainment of only 1 % of the lower mantle mass per 
billion years into the upper mantle is required to account for the current rate of 3He loss 
through MORs (>> 1.2 x 1012 mol/Ga, Craig et al., (1975)) (O'Nions and Tolstikhin, 
1994). 
This estimate of the mass flux from the lower mantle into the upper mantle ( 1 % 
of lower mantle mass per billion year) may be compared with other estimates based on 
geophysical observations. Estimates from hot spot swells (Davies, 1988; Sleep, 1990) 
suggest that the mass flux from the lower mantle is an order of magnitude higher than the 
geochemical steady-state estimate (van Keken and Ballentine, 1999). In other words, 
there is a discrepancy between the lower mantle mass flux into the MORE source that is 
required to explain the observed helium flux from spreading ridges, and the estimated 
mass flux from mantle plumes based on oceanic hotspot topography. One possible 
means to reconcile the high estimated mass flux based on geophysical observations 
(White, 1993) and the helium/heat budget (O'Nions and Tolstikhin, 1994) is to assume 
that most of the helium transported from the lower mantle via plumes is efficiently 
degassed to the atmosphere rather than into the MORB source reservoir (Kellog and 
Wasserburg, 1990; Porcelli and Wasserburg, 1995). That is, plumes are required to 
account for: ( 1) a proportion of helium loss from the mantle that is about one order of 
magnitude greater than the amount degassing at MO Rs, but (2) only 10% of the mantle 
heat flow (Jochum et al., 1983). If this is the case, the low helium to heat flow ratio 
observed at MORs may be balanced by the high helium to heat flow ratio at plumes. The 
main difficulty with this explanation is that the high predicted helium flux from plumes is 
not observed. The hotspot helium degassing flux is not considered to be a significant 
source of mantle degassing compared with MORs, and is estimated to account for less 
than 1 % of the MOR flux (Torgersen, 1989; van Keken and Ballentine, 1999). This 
discrepancy between geophysical and geochemical observations may imply that the 
assumption of steady-state requires further evaluation. 
Albarede (1998) has argued that the steady-state mode of exchange for noble gas 
parent and daughter isotopes between the continental crust, atmosphere, upper and lower 
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mantle reservoirs is physically inconsistent and leads to erroneous results. Systems that 
can be described by equations that are explicitly dependent on time (such as those that 
involve radioactive isotopes or radiogenic isotopes) are not amenable to steady-state 
because they do not achieve steady-state until all the radioactive isotopes have decayed 
away (Albarede, 1998). It is possible to reproduce the observed 3He/4He ratios and 
explain the 40 Ar* mass balance in the atmospheric and mantle reservoirs using models 
that are based on time-dependent equations in a whole-mantle convection regime, rather 
than on the steady-state assumption (Albarede, 1998). Albarede (1998) postulated that in 
a whole mantle convection regime, recycling of outgassed lithosphere into the lower 
mantle may help preserve the primitive isotopic signature of the noble gases in the lower 
mantle because the slabs are assumed to be depleted in U, Th, and K relative to the 
primitive mantle composition (Albarede, 1998; Carlson, 1995; Graham et al., 1992; see 
also Sun and McDonough, 1989). 
3.3 Possible alternatives to the layered mantle 
model 
3.3.1 A changing mode of convection 
Although the re-evaluation of the argon mass balance problem relaxes the 
constraints on the style of mantle convection, the question of how primitive noble gas 
isotopic ratios are preserved in the lower mantle has yet to be resolved. A changing mode 
of convection has been proposed as one means by which to preserve observed primitive 
noble gas isotopic ratios in the mantle. Primitive noble gas isotopic ratios are more likely 
to be preserved in the lower mantle GIB-source if mantle convection was initially layered, 
but has subsequently evolved to whole mantle convection (Allegre, 1997). The transition 
from layered to whole mantle convection is postulated to have been caused by a decrease 
in the terrestrial heat budget over time because the amount of heat produced by 
radioactive decay was much larger in the past than at present. Heat generated by 
accretion of the Earth, and by core formation, also contributed to the higher heat flow in 
the past. This higher heat budget may have caused the ancient mantle to have a higher 
Rayleigh number (the ratio of (a) the driving force, which is due to thermal buoyancy and 
influenced by diffusion of heat, to (b) the retarding force, due to diffusion of momentum 
by viscous stresses, Griffiths (1998)). Relatively high Rayleigh numbers tend to produce 
multilayered convection rather than single cell convection (Allegre, 1997, and references 
therein). Following cooling, the Rayleigh number is expected to have decreased to a 
lower value so that the pattern of convection changed from multilayered to single cell 
convection. The transition to single cell convection is thought to have occurred relatively 
67 
Chavter 3 
recently, within the last 500 Ma. This model proposes that the diversity of 3He/4He 
ratios in OIBs can be explained if plumes originate at the 670 km discontinuity, but only 
some plumes entrain primitive helium and material from the lower mantle. The observed 
Nb/U ratios that suggest that hotspots originate from the same depleted reservoir as 
MORBs could also be explained if most plumes originate at the 670 km discontinuity 
(Allegre, 1997). 
3.3.2 Viscosity-dependent convection 
Viscosity-dependent convection has also been proposed as a means to preserve 
primitive 3He/4He ratios in a relatively viscous lower mantle, which is the source of 
plumes, while permitting more vigorous stirring in the less viscous MORE-source mantle 
(van Keken and Ballentine, 1998). Viscosity models based on plate reconstructions and 
geoid inversions, post-glacial rebound and the Earth's precession constant, plate 
reconstructions using lower mantle seismic tomography, and geoid-topography above 
subduction zones have all been interpreted to suggest that the lower mantle is more 
viscous than the mantle above 670 km (van Keken and Ballentine, 1998 and references 
therein). The viscosity of the lower mantle is estimated to be higher than that in the upper 
mantle by about a factor of 30 (Gurnis and Davies, 1986a). Numerical modelling shows 
that a lower viscosity in the upper mantle leads to higher upper mantle velocities, which in 
turn translate into a higher rate of degassing because the mantle is processed relatively 
rapidly at the spreading ridges. However, numerical modelling has so far been 
unsuccessful in showing how the observed primitive 3He/4He ratios are preserved in 
some OIBs (van Keken and Ballentine, 1999). Even if the model input includes a large 
range of values for the viscosity of the lower mantle regime that are from 30 to 100 times 
greater than that in the upper mantle, the 3He/4He ratio of the lower mantle decreases to 
values (approximately 20 Ra) that are lower than the maximum observed ratios in OIBs 
( ~30 Ra) (van Keken and Ballentine, 1998). 
A possible explanation proposed by van Keken and Ballentine (1998) for the 
discrepancy between the model 3He/4 He ratios and the observed ratios is that the model 
does not consider extraction of U and Th from the mantle to the crust. They propose that 
decreasing the U and Th concentration in the mantle could decrease the amount of 
radiogenic 4He that would be produced over time in the depleted mantle and potentially 
help to preserve primitive 3He/4He ratios. 
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3.4 Summary and conclusions 
The existing noble gas isotopic compositions of mantle-derived samples are 
presently not completely explained within the context of either the layered or the whole 
mantle convection models. The layered mantle model, in which material from subducted 
slabs and the upper mantle is not input into the lower mantle, is unlikely to accurately 
describe convection processes in the mantle for two reasons. First, seismic tomographic 
evidence suggests that convection is likely to take place on the scale of the entire mantle, 
and second, the lower mantle as sampled by OIBs is not entirely comprised of primitive 
mantle, and is instead chemically heterogeneous. However, explanations to reconcile 
geochemical with geophysical observations, such as changing modes of convection and 
non-steady state fluxes in the upper mantle, either do not fully explain the geochemical 
observations, or require reliance on processes for which there is little evidence. It may 
nevertheless be possible that viscosity differences in the upper and lower mantle regimes 
cause the upper portion of the mantle to be stirred on a shorter time-scale than the lower 
mantle. The relatively slow convection rates in the lower mantle may permit preservation 
of geochemical heterogeneities on time scales of several billion years. 
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CHAPTER4: GEOLOGY,PETROGRAPHY 
AND GEOCHEMISTRY OF ICELANDIC 
BASALTS 
4.1 Introduction 
4.1.1 Geologic setting 
Iceland is situated along a segment of the Mid-Atlantic Ridge (MAR) associated 
with high basaltic magma production (Fig. 4-1) (Schilling, 1973). The volcanic activity is 
more voluminous than that generally associated with MAR spreading (Smallwood et al., 
1995) and causes Iceland to have a much higher elevation and greater crustal thickness 
(8-25 km) than normal oceanic crust (7 -10 km) (Hemond et al., 1993; White et al., 
1995). The high magma production is thought to be the result of anomalously hot 
mantle (200 - 250°C hotter than ambient mantle) that is related to a mantle plume beneath 
Iceland (McKenzie and Bickle, 1988; McKenzie, 1984; Schilling, 1973). The distinctive 
geochemistry of Icelandic volcanism (e.g., Hart et al., 1973; Sun and Jahn, 1975), 
including the higher 3He/4He ratios, relative to adjacent mid-ocean ridge basalts 
(MORBs) (Schilling, 1973), is consistent with a mantle plume origin for much of the 
enhanced Icelandic volcanism. Additional evidence from recent seismic tomography 
studies support a plume origin for Iceland (Bijwaard, 1999; Helmberger et al., 1998; 
Shen et al., 1998) and suggest that it may originate from as deep as the core-mantle 
boundary (Griffiths and Campbell, 1990; Helmberger et al., 1998). 
Iceland grows primarily by crustal accretion from tholeiitic volcanic systems 
associated with the Neo-Volcanic Zones (NVZs). The NVZs on Iceland (Fig. 4-1) are 
tectonically active zones of recent volcanism and rifting that are the subaerial 
manifestations of the Mid-Atlantic Ridge. The western NVZ is the on-land extension of 
the Reykjanes Ridge, and extends through the Reykjanes Peninsula to central Iceland to 
become the Mid-Icelandic Belt (MIB), which may be considered a "leaky' transform 
fault (Hardarson and Fitton, 1997). The rift continues from central Iceland through 
northern Iceland (the northern NVZ). There are two off-axis rift zones, the Snaefellsnes 
and the eastern volcanic zones (SVZ and ENVZ, respectively). The ENVZ is a new 
spreading axis, where erupted basalts are chemically distinct from those in the western 
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and northern NVZs and the MIB (Jakobsson et al., 1978). It is thought that the focus of 
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Figure 4-1. Map of Iceland showing the N eo-Volcanic Zones (NVZ) and the 
off-axis volcanic zones (VZ). MIB is the Mid-Iceland Belt. The glaciers 
(jokulls) are shown for reference. The white area on the Reykj anes Peninsula 
is Lake Thingvallavatn. Sample locations are shown for all samples collected 
for this study (Appendix 1), but only the samples analysed for noble gases or 
trace elements are numbered. 
The age of Icelandic rocks increases with distance from the MAR/NVZ from 
~east to west because it is an active spreading centre, so that the oldest rocks in Iceland 
( ~ 16 Ma) (McDougall et al., 1976; Saemundsson, 1978) are in northwest and eastern 
Iceland at the greatest distance from the NVZ (McDougall et al., 1984; Moorbath et al., 
1968; Risku-Norja, 1985). Pliocene-Pleistocene basalts (0.7 to about 3.1 Ma) and the 
older Tertiary basalts (older than about 3.1 Ma) (Hardarson and Fitton, 1997) are 
adjacent to the NVZ and form a roughly symmetrical pattern about the NVZ (Risku-
Norja, 1985). Those within the NVZ, such as picritic and tholeiitic lavas along the 
Reykjanes Peninsula, are very young (0.7 Ma to present) (Tronnes, 1990, and references 
therein) and predominantly postglacial ( < 13 ka). Some of the volcanism along the 
Reykjanes Peninsula is comprised of subaquatic and subglacial hyaloclastites in the form 
of pillow lavas, pillow breccias and tuffs (Tronnes, 1990). Marine deposits are found 
more than 100 m above the present sea level in southern Iceland, and more than 50 km 
from the present coast. These marine deposits originate from the W eicheselian glaciation 
and date from 9000 - 12700 BP (radiocarbon dates of marine shells). Prior to 13 ka, 
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most of Iceland is interpreted to have been covered by an ice-cap which may have 
depressed its surface. Subsequently, relative sea-level drop may have occurred owing to 
isostatic rebound of the Icelandic crust (Jull and McKenzie, 1996; Sigmundsson, 1991). 
Icelandic volcanism 
The Icelandic crust is thought to be intruded by magma chambers, with radii in 
the range of 1 - 5 km, that are situated at depths from a few kilometers to a few tens of 
kilometers below the ground surface. Many magma chambers are open systems into 
which magma may be added or removed by dikes (Figure 4-2), and are commonly 
envisaged as complex bodies of sills and dikes (Fridleiffson, 1977; Gudmundsson, 1998 
and references therein). There are two basic types of dike swarms in Iceland: local 
swarms of inclined sheets associated with shallow crustal magma chambers, and regional 
swarms of subvertical dikes associated with relatively large, deep-seated magma 
reservoirs (Figure 4-2) (Gudmundsson, 1998 and references therein). The basaltic dikes 
in Iceland range in thickness from a few centimeters to 60 meters, but the majority of 
dikes in the Quaternary rocks of southwest Iceland are between 0.5 and 2 m wide 
(Fridleiffson, 1977; Gudmundsson, 1998). 
Figure 4-2. Simplified illustration of the two basic types of dike swarms in 
Iceland: local swarms of inclined sheets associated with shallow crustal magma 
chambers, and regional swarms of subvertical dikes associated with large, deep 
seated magma reservoirs. After Gudmundsson (1998). 
The most abundant rocks in Iceland are olivine tholeiites, which erupt along the 
rift zones. Picrites are largely restricted to peripheral regions such as the Reykjanes 
Peninsula. More differentiated rocks, including quartz tholeiite to rhyolite, are generally 
restricted to the volcanic centers (Hemond et al., 1993). Alkali volcanics occur in off-axis 
rift areas including the SVZ (Hemond et al., 1993). Tholeiitic volcanism along the 
Reykjanes Peninsula in the western NVZ initially occurred along fissure swarms that 
have evolved over time to form central volcanoes. The volcanic activity along the 
Reykjanes Peninsula from the period starting from 0.7 Ma to the present has been 
75 
Chavter 4 
divided into three stages (Tronnes, 1990): (1) small picritic lava shields; (2) relatively 
large olivine tholeiite shields; and (3) lava flows erupted from fissure swarms. The small 
dykes and shield volcanoes are grouped into volcanic systems. From southwest to 
northeast along the Reykjanes Peninsula, these are the Reykjanes, Grindavik, Krisuvik, 
Blafjoll and Hengill volcanic systems (Jakobsson et al., 1978). The Hengill volcanic 
system erupts through thicker Icelandic crust than the volcanic systems to the west, where 
there is a transition to the thinner oceanic crust along the submarine Reykjanes Ridge 
(Tronnes, 1990). 
4.2 Samples 
4.2.1 Sample localities and sampling strategy 
Samples for this investigation were collected to characterize the possible range in 
noble gas isotopic compositions of Icelandic basalts from the volcanic zones. The 
majority of the 28 basaltic samples used in this study were collected by the author (all 
samples excluding ice-1-4). These were obtained from 14 localities along the Reykjanes 
Peninsula WNVZ and 3 localities along the EVZ (Table 4-1) ( detailed location 
information is provided in Appendix 1). Locations of other samples that were collected 
but not used for this study are shown in Appendix 1. Samples were selected using 
several criteria: ( 1) picrites and olivine tholeiites were collected because they contain 
olivine ( + pyroxene) that can trap noble gases either in their fluid/ glass inclusions or 
within their crystal lattices (Carroll and Draper, 1994 ). Picrites are typically primitive, 
high temperature lavas (Green, 1970) with > 15 % normative olivine and Mg numbers 
[Mg/(Mg + Fe2+)] of> 70, and those from the Reykjanes Peninsula are among the most 
primitive known in Iceland (Hansteen, 1991; Tronnes, 1990). Olivine tholeiites have 
normative olivine between 8 and 15%, Mg# between 50 and 75% and are less primitive 
than picrites. (2) Basalts that were erupted beneath glaciers or water commonly form 
pillow basalts with quenched, glassy rims. Such quenched glasses were also sampled as 
they contain relatively high concentrations of noble gases. Glasses that have relatively 
low percentages of vesicles were targeted because those with relatively high percentages 
of vesicles (>50%) (having a "frothy" appearance) are easily crushed during sampling 
and contaminated by atmospheric gases. (3) Samples were collected from quarries, 
under in-situ boulders in outcrops, or from actively eroding cliff-faces, wherever possible, 
to reduce potential interferences from cosmogenic isotopes (see Chapter 2). In some 
localities, several samples were collected from a range of depths below the surf ace. This 
was to evaluate the relative decrease in production of cosmogenic 3He and 21 Ne with 
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depth owing to the increase in the degree of shielding of the rock from cosmic rays ( see 
Chapter 2, cosmogenic nuclides). Note that four samples (ice-1-4) were collected by 
Ingvar Sigurdsson of the University of Iceland, Reykjavik. For these samples, the 
original depth of the sample from the surface is unknown. (4) Finally, great care was 
taken to collect fresh samples. Samples were only collected where no altered olivine or 
glass was visible, as alteration tends to increase the likelihood of atmospheric 
contamination of the mantle noble gases. 
On the basis of size and abundance of olivine ( and/or clinopyroxene) 
phenocrysts and the quality and freshness of the glass samples, a subset of the samples 
was selected for noble gas analyses. The picrites and olivine tholeiites used for noble gas 
analyses are from the volcanic systems along the Reykjanes Peninsula, including: the 
Reykjanes (ice-4, -18, -19, -23), Grindavik (ice- 24, 25, 32), Blafjoll (ice-16) and Hengill 
volcanic systems (ice-I, 2, 3, 9, 10, 12, 14, 30, 54 and 55) (Table 4-1). Note that 
samples ice-I and ice-9; ice-2 and ice-11; and ice-3; and ice-14 and ice-4 and ice-23 are 
from the same localities, but samples ice-I, -2, -3, and -4 were collected by I. Sigurdsson 
(Table 4-1). A sample from one locality in the EVZ (ice-47) was also analysed for noble 
gases (Fig. 4-1). Sample ice-9 (olivine and glass) and the samples of Harrison et al. 
(1999) are both from a quarry at the southern end of the Midfell volcanoes in the Hengill 
swarm (Risku-Norja, 1985; Tronnes, 1990) (Harrison, pers. comm.). Although these 
samples are from the same quarry, it is not known whether they are from the same flow 
unit. Details of the sample localities and depth below the surface from which the samples 
were collected are shown in Table 4-1. The noble gas results are presented in Chapter 5. 
Age estimates are provided in Chapter 6. 
Eight natural glass samples (ice-9, -18, -32.2, -41, -46, -47, -54, -55) were 
analysed for major and trace element compositions. These samples have also been 
analysed for noble gases with the exceptions of samples ice-41 and -46. These samples 
were analysed for trace elements in part to determine their Nb/U and Nb/Th ratios, for 
reasons that were explained in Chapter 3. The glass samples were chosen to cover a wide 
geographic distribution. Samples ice-41, -46, and -47 are from the EVZ and the 
remaining five samples are from the WVZ. The samples from the WVZ are derived from 
two different volcanic systems: the Reykjanes (ice-18, -19, -32) and Hengill systems 
(ice-9, -54, 55). Not all samples were analysed for major and trace element compositions 
because natural glasses were not available in all cases. 
4.2.2 Sample descriptions and general petrography 
The petrography and mineralogy of Reykjanes Peninsula samples (including the 
Midfell volcanoes in the Hengill system) have been presented in a number of studies 
(e.g~, Hansteen, 1991; Jakobsson et al., 1978; Risku-Norja, 1985; Sigurdsson, 1994; 
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Tronnes, 1990). As found in previous studies, the phenocryst phases in the picrite and 
olivine tholeiite samples from this study are olivine, Cr-spinel ± plagioclase + 
clinopyroxene. The olivines used in this study are euhedral to subhedral, < 8 mm in 
length. Olivine may contain abundant spinel inclusions, typically very few fluid 
inclusions, and variable amounts of glass inclusions (Hansteen, 1991). Plagioclase 
occurs as phenocrysts only in samples ice-9 and-19, and as xenocrysts in ice-24. The 
groundmass in most samples is comprised of intergrowths of plagioclase microlites in a 
finer grained glassy matrix. The sample collected at Midfell (ice-9) is unusual in that it is 
from a locality where gabbroic nodules are incorporated in picritic basalts. The gabbroic 
nodules are composed of plagioclase, Al-Cr diopside and olivine (Risku-Norja, 1985; 
Tronnes, 1990). The host rock is comprised of olivine, plagioclase, clinopyroxene and 
spinel phenocrysts. The compositions of the minerals in the nodules are virtually 
identical in composition to those in the phenocrysts (Risku-Norja, 1985). Petrographic 
descriptions of individual samples from this study can be found in Appendix 1. 
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("') Locality Sample No. analysu mater- weight, rock type . %vesicles Descrip-tion Depth, vertical, cm, Elev., ;::s--rep- 8lZe ~ licates type ial g fraction shielding m 
-
n::, SandfeW ice-11.1 a step-heat olivine 3.759 picrite 420µm<x surface "'"'t 
Hengill <2.36mm ~ 
SandfeW ice-11.1 a step-heat olivine 5.535 picrite 420µm<x 30 244 
Hengill <2.36mm 
Asar ice-12.1 a step-heat olivine 3.061 picrite 420µm<x 40 
<850µm 
Asar ice-11.1 a step-heat olivine 5.103 picrite 420µm<x surface 50 
<850µm 
Burfell i ice-14 a step-heat olivine 3.087 picrite 420µm<x old quarry 150 
olfusi <lmm 
Eldborg ice-16 a step-heat olivine 5.388 olivine tholeiite 420µm<x 2-3%px 50 100 
<lmm 
Stapafell ice-18 active quarry 60 
b step-heat olivine 3.649 olivine tholeiite 420µm<x 
00 <lmm 0 g2 step-heat glass 3.704 420µm<x <30% 
<lmm 
g3 crush glass 0.983 lmm<x ~30% 
<2.36mm 
Sulur ice-19 a step-heat olivine 5.341 olivine tholeiite 420µm<x from pillow active quarry 50 
<lmm margin 
Sulur ice-19 b 5.153 420µm<x 
<lmm 
Haleyarbunga ice-23a a step-heat olivine 5.060 picrite 420µm<x Cliff face, recent 300 
<lmm exposure 
Hraunsvik/ ice-24 a step-heat olivine 2.847 plagioclase-olivine 420µm<x Cliff face, recent sea 
Hrolfsvik xenolith <lmm exposure level 
Bleikholl ice-25 a step-heat olivine 4.912 olivine tholeiite 60 160 
near ice-30 a step-heat olivine 5.071 olivine tholeiite 420µm<x from pillow Cliff face, recent 100 
Landamnna- <lmm basalt exposure 
hellir 
Locality Sample No. analysis mater- weight, rock type • ¾ vesicles Descrip-tion Dtpth, vertical, cm, Elev., rep- 8IZe 
licates type ial g fraction shielding m 
near Svartsen- ice-32.1 a step-heat olivine 5.054 olivine tholeiite 420µm<x <5% dyke in Cliff face, recent sea-
gisfell <lmm hyaloclastite exposure level 
ice-32.2 gl crush glass 3.056 olivine tholeiite lmm<x <5% pillow in sea-
<2.36mm hyaloclastite level 
g2 crush glass 1.040 lmm<x <5% non-
<2.36mm vesicular 
hyaloclastite 
SW of Skala- ice-34 a step-heat olivine 3.556 olivine/pyroxene 420µm<x abundantpx 400 100 
Maelifell tholeiite <lmm 
SW of Skala- ice-34 PX step-heat Pyrox- 0.705 olivine/pyroxene 420µm<x abundant px 400 100 CJ ~ 
Maelifell tholeiite <lmm C) ene ........ C) 
Sigalda ic~7 g crush glass 0.921 tholeiite lmm<x ~1% pillow basalt Cliff face, recent 500 
<2.36mm glasses, exposure 
00 
aphyric 
>--'- Lambafell ice-54 g crush glass 0.843 olivine tholeiite 420µm<x <5% pilllow quarry 300 
<lmm basalt 
glasses 
Kongsgil ice-55 g crush glass 0.818 olivine-plagioclase 90µm<x <5% glasses from graded ski slope 300 






























4.3 Major and trace element studies of samples 
from the Reykjanes Peninsula, Iceland 
4.3.1 Previous work 
Major elements 
The major element compositions of Icelandic basalts from the Reykjanes 
Peninsula have been analysed previously (e.g., Hemond et al., 1993; Jakobsson et al., 
1978; Risku-Norja, 1985; Sigurdsson, 1994; Tronnes, 1990). The MgO content is 
generally the most sensitive indicator of chemical variation in Icelandic basaltic suites 
(Tronnes, 1990). Icelandic picrites and tholeiites generally show covariations in major 
element oxide composition when plotted against MgO. The samples from the Hengill 
system, Reykjanes and Grindavik swarms show negative correlations for most data in the 
plots of SiO2, TiO2, Al2O3, FeO, MnO, N~O, K2O and P2O5 versus MgO (Fig. 4-3) 
(Hemond et al., 1993; Jakobsson et al., 1978). Positive correlations are seen for some 
data in plots of Al2O3 and CaO versus MgO (Fig. 4-3). In the study by Sigurdsson 
(1994) of picrites and tholeiites from throughout the Reykjanes Peninsula, similar trends 
are apparent, except that samples with greater than 8 wt.% MgO show positive 
correlations with Al2O3 and Cao, whereas in samples with less than 8 % wt.% MgO, the 
correlations are negative. The change in the slope of the trends is interpreted to indicate 
olivine control down to 11 % MgO, until plagioclase, then clinopyroxene, join the liquidus 
(Sigurdsson, 1994). 
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Figure 4-3. Major element compositions (weight percent oxides) in picrites 
and tholeiitic basalts from the Reykjanes Peninsula, Iceland. Samples from 
Jakobsson et al, (1978) are from the Reykjanes and Grindavik fissure swarms 
and include picritic basalts, olivine tholeiites, and tholeiites. 
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Primitive basalt compositions 
The primitive nature of the samples from the Reykjanes Peninsula can be 
evaluated using their MgO content. Primitive magmas should have olivine compositions 
in the range of Fo86_90, Mg numbers [Mg/(Mg + Fe2+)] from 0.68 to 0.75 (Wilson, 1989) 
and relatively high MgO content. The MgO content of Reykjanes Peninsula tholeiitic 
basalts range from 7 - 22 % (Hemond et al., 1993; Sigurdsson, 1994 ). Samples with 
MgO contents higher than approximately 18 % MgO have probably accumulated olivine 
and do not provide the true liquidus composition for determination of the primitive Mg# 
(Sigurdsson, 1994). Samples from the Reykjanes Peninsula that do not have 
accumulated olivine have liquidus MgO contents of 11 to 14 wt.%, and Mg#s of 69 .5 to 
75. Olivine compositions in primitive Reykjanes Peninsula basalts range from Fo86 to 
Fo93 (Hansteen, 1991; J akobsson et al., 1978, Ingvar Sigurdsson, unpublished data; 
Risku-Norja, 1985; Tronnes, 1990). These compositions are within the range expected 
for primitive magmas (Hansteen, 1991; Sigurdsson, 1994). Other, less primitive, 
tholeiitic basaltic samples from the Reykjanes Peninsula have lower MgO contents from 
6.9 - 11.9 wt.%, and have Mg#s from 51.3 - 71.4 (Hemond et al., 1993). The olivine 
compositions in tholeiitic basalts from lava shields are as low as F 0 80 (J akobsson et al., 
1978). 
Trace elements 
Previous trace element investigations of picrites and tholeiites from the 
Reykjanes Peninsula were performed by X-Ray Fluorescence on fused glass discs of 
whole rock samples (Hemond et al., 1993; O'Nions et al., 1976; Sigurdsson, 1994). 
These analyses show that the picrites are as, or more, depleted in incompatible elements 
than N-MORB (compare Figs. 4-4A, B with Fig. 4-5). The picrites form convex 
patterns with incompatible element concentrations close to, or lower than, the primitive 
mantle concentrations. Compatible element concentrations are two to four times greater 
than the primitive mantle concentrations. The low concentrations of incompatible 
elements in the picrites compared with the primitive mantle composition suggests that 
they are derived from a relatively depleted source (e.g., Hemond et al., 1993). The olivine 
tholeiites (Fig. 4-4A) are more enriched in incompatible elements than the picrites and 
MORBs (Fig. 4-5), with incompatible element concentrations about ten times, and 
compatible element concentrations about eight times, greater than the primitive mantle 
concentrations, respectively. In general, the shape of the trace element patterns formed by 
the tholeiitic basalts indicates melting from a source that is less differentiated and less 
depleted than that of the picrites. 
In detail, the picrites have distinct positive anomalies in Nb, Sr, Ba and Rb. In 
contrast, in the tholeiites, positive anomalies in Ba, Sr, and Rb are small or absent. The 
positive anomalies in Sr, Ba and Rb in picrites have been attributed to addition of material 
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to the magma or its source (Hemond et al., 1993), as is described further below. Such 
addition is most evident in the tholeiites and picrites with the highest MgO content as 
they tend to have the lowest concentrations of trace elements with similar 
incompatibilities to those of Sr, Ba and Rb (Hemond et al., 1993). 
There are two main possible sources of the Sr, Ba and Rb anomalies. The first, 
recycled oceanic or continental crustal rock, is considered an unlikely source for these 
elements as such sources would also be likely to have 87Sr/86Sr ratios that are similar to 
seawater or continental crust, which are not observed. Instead, the Icelandic samples with 
large Sr-Ba-Rb anomalies are characterized by low 87Sr/86Sr ratios that are close to the 
composition of the average Icelandic crust (87Sr/86Sr = 0.7031) (Hemond et al., 1993). 
Incorporation of meteoric hydrothermal fluids enriched in Sr, Ba and Rb into the basalt is 
considered the most likely explanation for the observed anomalies in the Reykjanes 
Peninsula samples because these elements are strongly concentrated in fluids in thermal 
brines from the Reykjanes Peninsula (Hemond et al., 1993 and references therein). Such 
incorporation could occur by introduction of hydrothermal fluids into the magma, or into 
the basalt or fallowing eruption. Assimilation of hydrothermal fluids or secondary 
minerals by magma ascending through the Icelandic crust is considered the most 
promising explanation because the samples are fresh, and there is no evidence for 
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Figure 4-4A. Trace element data from Reykjanes Peninsula picrites and 
tholeiites (Hemond et al., 1993), normalized to the primitive mantle 
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Figure 4-4B. Trace element compositions of primitive picrites from the 
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Figure 4-5. Trace element compos1tions in the average continental crust, 
Hawaii, MORBs, EM-1 type OIB and HIMU OIB (see Chapter 3). The 
direction of increasing compatibility of the trace element in the melt is shown. 
Data are normalized to the composition of the primitive mantle. Figure from 
Hoffmann (1997). 
86 
Geology, petrography and geochemistry of Icelandic basalts 
Pb, Sr and Nd Isotopes 
Evaluation of lead, strontium and neodymium isotope geochemistry is important 
to understand the possible origins of the mantle components that contribute to Icelandic 
volcanism. This discussion will focus on geochemical results from previous 
investigations of samples from along the Reykjanes Peninsula (Iceland) and the adjacent 
Reykjanes Ridge (MORB) because most of the samples from the present investigation 
were obtained from the Reykjanes Peninsula region (Fig. 4-1). 
Reykjanes Ridge MORB samples 
Approaching Iceland from the south along the Reykjanes Ridge, MORB samples 
from 52.8°N to 63.4°N latitude show there is a regular increase in 206Pb/204Pb ratios 
from relatively low values of 18.289 to higher values of 18.680 (Fig. 4-6). The 
207Pb/204pb and the 208Pb/204pb ratios of the same samples also increase, from 15.445 
to 15.495, and 37.778 to 38.284, respectively. On Iceland itself, basaltic samples from 
the Reykjanes Peninsula have 206pb/204Pb isotopic ratios near 18.777, similar to, but 
slightly higher than, the ratio measured in a MORB sample directly offshore along the 
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Figure 4-6. Variation in 206pbf204pb with proximity to Iceland in dredged 
basaltic glasses from the Reykjanes Ridge, and from tholeiitic basalts from the 
Reykjanes Peninsula, Iceland (Sun and Jahn, 1975). 
The lead isotopic compositions of Reykjanes Ridge samples may be generated by 
two component mixing between: (1) a depleted MORB source and (2) an intermediate 
Icelandic source composition represented by basalts on the Reykjanes Peninsula. Binary 
mixing is suggested by the MORB samples from the Reykjanes Ridge because the data 
lie on linear trends in plots of 206pb/204Pb, 207Pb/204pb and 208Pb/204pb versus 1/Pb 
(Langmuir et al., 1978; Sun and Jahn, 1975). 
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Reykjanes Peninsula Icelandic samples 
Previously, the available data from Icelandic picrites and N-MORBs (n = 50 
samples) (North Atlantic plume-free MORB) appeared to define distinct, parallel fields in 
plots of 208Pb/204pb versus 207pb/204Pb (Fig. 4-7). The absence of overlap between the 
lead isotopic compositions from Icelandic basalts and MORBs made it unclear whether a 
MORB-source component contributed to the Icelandic plume (Elliott et al., 1991; Hards 
et al., 1995; Kerr et al., 1995; Langmuir et al., 1978; O'Nions et al., 1976; Schilling, 1973; 
Thirwall, 1995). Thus, two main models were developed for the observed Pb, Nd and Sr 
isotopic ratios in Icelandic basalts. One is that, like the Reykjanes Ridge MORB sample 
compositions, the isotopic compositions of Reykjanes Peninsula Icelandic samples may 
be generated by binary mixing between an incompatible element-enriched Icelandic 
plume component and a depleted MORB source (Elliott et al., 1991; Schilling, 1973; 
Schilling et al., 1982; Schilling et al., 1983; Sun et al., 1975). The second model is that 
MORB source material has not been entrained into the Icelandic plume. Instead, there 
may be three components: (1) a Reykjanes Peninsula source; (2) an alkali basalt source; 
and (3) a depleted source of different chemistry than that of the MORBs to the south of 
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Figure 4-7. Plot of 207Pbf04Pb versus 208Pbf04Pb, showing fields for Icelandic 
volcanic rocks and North Atlantic normal (N-type) MORB away from known 
mantle plumes and transform faults. This plot is based on data available as of 
1995. There is no overlap between the lead isotopic compositions of Iceland 
and North Atlantic MORB, suggesting that Icelandic and MORB melts have 
not mixed. Sources for Reykjanes Ridge data: Sun et al., (1975), Hards et al., 
(1995) and references therein. After Kerr et al., (1995). 
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A recent study with a larger database (n = 180 N-MORE samples) has shown 
that there is significant overlap between the lead isotopic compositions of MOREs (0° to 
53°N latitude, well south of the Icelandic plume) (Merz and Haase, 1997), and those of 
Icelandic basalts, including basalts from the Reykjanes Peninsula (Fig. 4-8A-3). The 
compositions of MOREs on the Reykjanes Ridge close to Iceland show even more 
overlap with the compositions of basalts from the Reykjanes Peninsula, Iceland, than do 
normal MORE. Similar overlaps between MORE and Icelandic compositions can also 
be seen in plots of 208Pb/204Pb and 207Pb/204Pb versus 206Pb/204Pb (Fig. 4-8A, 1-3), as 
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Figure 4-SA. (1) 208Pb/204Pb versus 206Pbf04Pb. (2) 207Pb/204Pb versus 206Pb/204Pb 
(3) 208Pb/204Pb versus 207Pb/204Pb. Pb isotope variations for North Atlantic lavas 
between the equator and 86° N latitude. Figure 4-SB. 143Nd/144Nd versus 
87Sr/86Sr for lavas in the North Atlantic between the equator and 86°N latitude 
(Merz and Haase, 1997 and references therein). These plots show substantial 
overlap between the Pb, Sr, and Nd isotopic compositions of Icelandic basalts 
and MORBs (from a variety of locations, including Kolbeinsey, Jan Mayen, 
and other locations indicated by latititude). 
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Possi~le evidence for MORE-source involvement in the source of Icelandic basalts may 
be indicated by the overlap of MORE and Icelandic compositions in plots of Pb, Sr, and 
Nd isotopic compositions in the more recent, larger dataset (Merz and Haase, 1997) 
(Figs. 4-8A, B). There may be a third component in addition to the enriched plume 
component and the MORE component because the Icelandic data do not form linear 
trends in plots of 206pb/204Pb, 207Pb/204Pb and 208Pb/204Pb vs. 1/Pb (Langmuir et al., 
1978). Irrespective of whether mixing occurs between two or three components, 
contribution of MORE-source material to Icelandic basalts cannot be excluded on the 
basis of Pb, Sr or Nd isotope plots (Merz and Haase, 1997). This conclusion is relevant 
to the discussion of noble gas results in subsequent chapters because it means that a 
MORE-type noble gas component may be regarded as a possible endmember that 
contributes to the noble gas signatures in Icelandic basalts. 
4.3.2 Analytical results for samples from the present study 
Trace element compositions of selected Icelandic samples 
Eight Icelandic natural glass samples from picrites and tholeiite samples were 
analysed by LA-ICPMS to determine their Nb/U, Nb/Th, Ce/Pb (see Chapter 3) and 
other trace element composition. The details of analytical methods are shown in 
Appendix 2. Note that natural glasses may contain some olivine microphenocrysts that 
retain trace elements, and these phases have not been homogenized by melting the whole 
rock. This may create trace element anomalies that are not present in results of whole-








Table 4-2. Trace element compositions in Icelandic natural basaltic glasses 
mppm Rb Sr y Zr Nb Cs Ba La Ce Nd Sm Eu Gd Ho Yb Hf Ta Pb Th u ice-9 n.a. n.a. n.a. n.a. 0.8 n.a. n.a. n.a n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.05 0.23 0.0356 0.0117 
- (N=5) 0.1 0.00 0.04 0.0005 0.0003 
ice-9 0.34 121.1 13.7 18.0 0.86 0.0038 6.3 0.89 2.79 2.98 1.24 0.55 1.77 0.472 1.32 0.63 0.053 0.08 0.0359 0.012 
- (N=3) 0.01 0.9 0.2 0.4 0.04 0.0007 0.1 0.03 0.07 0.06 0.02 0.01 0.03 0.004 0.02 0.02 .0.002 0.06 0.0002 0.001 
ice-18 6.96 215 24.9 103.2 17.3 0.077 82.0 10.46 24.8 15.2 3.96 1.39 4.32 0.861 2.257 2.58 0.991 0.70 0.68 0.211 
- (N=3) 0.01 1 0.2 0.6 0.1 0.002 0.8 0.07 0.2 0.1 0.05 0.02 0.05 0.010 0.010 0.02 0.002 0.02 0.01 0.002 
ice-32.2 4.7 237 26.2 108 17.1 0.051 69 10.1 24.5 15.6 4.17 1.51 4.60 0.91 2.33 2.70 0.98 0.56 0.50 0.164 
- (N=3) 0.1 2 0.8 3 0.6 0.004 2 0.3 0.7 0.5 0.14 0.05 0.10 0.03 0.09 0.09 0.03 0.05 0.02 0.005 
ice-41 5.3 153 39.1 117 10.9 0.057 46.9 8.2 20.6 14.6 4.56 1.61 5.7 1.36 3.77 3.15 0.67 0.86 0.68 0.211 
- (N=3) 0.1 2 0.7 2 0.2 0.003 0.9 0.2 0.4 0.4 0.07 0.05 0.1 0.03 0.08 0.06 0.02 0.03 0.03 0.005 
ice-46 4.61 169 28.5 94 9.3 0.045 42.8 7.00 17.5 12.1 3.63 1.33 4.433 1.00 2.711 2.50 0.565 0.67 0.570 0.1 808 
- (N=3) 0.08 2 0.3 1 0.1 0.004 0.5 0.07 0.2 0.1 0.04 0.01 0.009 0.02 0.005 0.04 0.005 0.02 0.006 0.0009 
ice-47 4.51 169 28.8 94.6 9.30 0.044 43.1 7.08 17.6 12.2 3.69 1.34 4.47 1.011 2.74 2.524 0.583 0.62 0.573 0.182 
- (N=3) 0.09 2 0.2 0.6 0.07 0.001 0.3 0.06 0.2 0.1 0.02 0.02 0.05 0.008 0.03 0.009 0.008 0.01 0.009 0.003 
0-l ice-54 11.8 262 24.6 115 21.7 0.136 141 15.2 34.1 19.0 4.5 1.50 4.56 0.86 2.22 2.81 1.26 1.26 1.26 0.39 0\ 
- (N=3) 0.3 2 0.6 3 0.5 0.004 4 0.3 0.9 0.5 0.1 0.04 0.09 0.01 0.04 0.07 0.03 0.04 0.03 0.01 
ice-55 5.43 209.1 24.9 89.2 13.72 0.058 72.7 9.04 21.51 13.82 3.74 1.35 4.24 0.88 2.30 2.34 0.82 0.831 0.590 0.187 
- (N=3) 0.01 0.7 0.2 0.7 0.02 0.002 0.1 0.02 0.03 0.09 0.04 0.01 0.04 0.01 0.02 0.04 0.01 0.005 0.010 0.002 
n.a. = not analysed 
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A pnn11t1ve mantle-normalised trace element diagram shows the range in 
incompatible element compositions from this study (Fig. 4-9). Most olivine tholeiite 
samples from this study have relatively flat trace element patterns that are similar to those 
found in previous studies of Icelandic tholeiitic basalts described above. These samples 
are enriched in incompatible elements relative to N-MORB (Fig. 4-5). Sample ice-9g is 
the only picritic sample analysed for trace elements from this study, and is depleted in 
incompatible elements compared with N-MORB. Its composition is similar to 
compositions found previously for other primitive lavas from the Reykjanes Peninsula 
(Hemond et al., 1993; Sigurdsson, 1994) (Figs. 4-4A, B). As seen in the primitive 
samples from Hemond et al. (1993) (Fig. 4-4A), ice-9g has positive anomalies in Ba, Nb 
and Sr (and possibly Pb in the analysis with longer count times, but this anomaly is not 
seen in previous trace element analyses of Icelandic basalts and requires authentication). 
In addition, there are also negative anomalies in Zr and Hf in ice-9g. In comparison, 
other, more enriched samples from this study have positive anomalies in Nb and Ta, but 
little or no anomalies in Ba, Sr, Zr, or Hf. 
The observed positive anomalies in Ba and Sr in the most incompatible element 
depleted sample from this study (ice-9g) may be caused by assimilation of hydrothermal 
water bearing these elements into the magma, as described previously (Hemond et al., 
1993). The negative anomalies in Zr and Hf could result from substitution of these 
elements into Cr-spinel that was not homogenized into the glass. Zirconium and Hf are 
known to also substitute for Ti in titanite and rutile (Wilson, 1989). Niobium also 
behaves compatibly in Ti-bearing phases, as seen in arc-settings (see Chapter 3). 
However, in the Icelandic samples, there is no negative Nb anomaly, suggesting that Ti-
bearing phases are not responsible for the observed Zr and Hf anomalies. 
Positive anomalies in Nb and Ta are seen in transitional-type MORBs and some 
N-type MORBs with light rare earth element (REE)-depleted to slightly enriched patterns 
(Sun and McDonough, 1989). Such anomalies have been interpreted to result from 
recycling and resorption of former oceanic crust into the oceanic mantle source of 
MORBs. In the tholeiitic samples from this study, there are pronounced Nb and Ta 
anomalies, but there does not appear to be a Ta anomaly in the picritic sample. Although 
the Ta anomaly is potentially important and interesting, because it is not observed in other 
tholeiitic samples from Iceland, such as in Hemond et al. (1993) (Fig. 4-4A) it should be 
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Figure 4-9. Trace element variation in Icelandic basalts, normalized to the 
primitive mantle composition (McDonough and Sun, 1995) (similar to 
primitive mantle of (Sun and McDonough, 1989)). Most of the samples from 
this study (excluding ice-9g) have trace element abundance patterns that are 
similar to that of Hawaiian tholeiitic basalts in Figure 4-5. These samples are 
enriched in incompatible elements compared with the primitive mantle and N-
MORBs. Sample ice-9g is the most incompatible element-depleted sample 
from this study, but is similar to primitive samples from previous studies 
(Hemond et al., 1993; Sigurdsson, 1994). This sample has positive anomalies 
in Nb, Sr and Ba, and negative anomalies in Hf and Zr. The other samples 
from this study have positive Nb and Ta anomalies, but less pronounced Ba 
anomalies, and no Sr, Hf and Zr anomalies. The Pb anomaly in sample ice-9g 
(long count time) is not seen in previous trace element results from Reykjanes 
Peninsula basalts and requires further authentication. 
Incompatible element ratios 
There is a wide range of values in the incompatible element ratios, Nb/U, Nb/Th 
and Ce/Pb, in the eight Icelandic basalts from this study. A similar range was also 
reported, but not discussed, in a previous study of Icelandic basalts by Hemond et al. 
(1993). The Nb/U and Nb/Th ratios from this study are linearly correlated over a large 
range, from Nb/U of 51 to 104 (Table 4-2), and Nb/Th from 16 to 34 (Fig. 4-10). The 
Nb/U ratios are also linearly correlated with Ce/Pb, which ranges from 24 to 36 (Fig. 4-
11). The niobium, uranium and thorium data reported by Hemond et al. ( 1993) were 
determined using XRD analyses of fused glasses from whole rock samples. These data 
lie on the same trend, and have similar maximum ratios, as the data from this study (Fig. 
4-10). In comparison, the Nb/U, Nb/Th and Ce/Pb ratios in OIBs and MORBs are 
generally fairly constant (Nb/U = 47 + 10, Nb/Th = 15 + 2, Ce/Pb = 25 + 5) (Hofmann 
et al., 1986; Jochum et al., 1983) (see Chapter 3). The Th/U ratios of MORBs and OIBs 
are also generally similar, and have average values of 2.55 and 3.33, respectively (Sun 
and McDonough, 1989). 
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The large range in Nb/U, Nb/Th and Ce/Pb ratios observed in Icelandic basalts 
(Figs. 4-10 and 4-11) is unexpected for oceanic basalts (Hofmann et al., 1986). The 
linear correlation in Nb/U versus Nb/Th ratios (Figure 4-10) arises in part from the 
nearly constant Th/U ratios, which only range between 3.05 to 3.23 for the data from this 
study. These Th/U ratios are between the average values from MORBs (2.55) and OIBs 
(3.33) (Sun and McDonough, 1989). Despite their near-constant Th/U ratios, most 
MORBs and OIBs do not have a large range in Nb/U and Nb/Th ( or Ce/Pb) ratios, 
suggesting that additional processes may be involved to produce the observed range in 
ratios in Icelandic basalts. 
Hofmann et al. (1986) suggested that the relatively homogeneous Nb/U, Nb/Th 
and Ce/Pb ratios in OIBs and MORBs may be explained if the differentiated parts of the 
mantle, that were chemically depleted after formation of the continental crust, were 
subsequently internally rehomogenized. This relatively depleted, but chemically 
homogeneous, mantle was then differentiated into MORB and OIB source regions by 
formation and subduction of oceanic crust. The primary (continental crust-mantle) 
differentiation is postulated to have fractionated the Nb/U and Ce/Pb ratios. This is 
because during the primary differentiation, U is thought to have been more incompatible 
than Nb, and Pb more incompatible than Ce (Hofmann et al., 1986). In contrast, during 
the secondary (MORB source-OIB source) differentiation, the bulk parition coefficients 
of U and Pb are believed to have been similar to those of Nb and Ce, respectively 
(Hofmann et al., 1986) (see Chapter 3). Hoffmann et al. (1986) concluded on the basis 
of the homogeneous incompatible element ratios in OIBs and MORBs that OIBs cannot 
be derived from a primitive portion of the mantle, from mixtures of primitive and depleted 
mantle, or from recycled continental crust. 
The large range in Nb/U, Nb/Th and Ce/Pb ratios suggests that the mantle 
sampled by the Icelandic plume is heterogeneous in terms of incompatible element ratios. 
In contrast to the interpretation by Hoffmann et al. (1986), the heterogeneous Nb/U, 
Nb/Th and Ce/Pb ratios in Icelandic basalts may suggest that some parts of the mantle 
sampled by Icelandic plume have not been completely homogenized following crustal 
extraction. The calculated theoretical Nb/U ratio for the upper mantle following crustal 
extraction is 152 (Sun and McDonough, 1989). The maximum Nb/U ratio from 
Icelandic basalts near 100 (Fig. 4-10) is intermediate between this calculated value and 
the average observed ratio in most oceanic basalts (approximately 50). The large range in 
Nb/U, Nb/Th, and Ce/Pb ratios may suggest that the mantle sampled by the Icelandic 
plume has not been well-stirred into the ambient mantle (MORB or OIB source material 
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Figure 4-10. Nb/U versus Nb/Th ratios of Icelandic p1cntes and tholeiites 
from this study and that of Hemond et al.(1993). The Nb/U data from both 
studies extend from typical mantle basalt values of 47 + 10 (Hofmann et al., 
1986) to maximum values near 100, and the Nb/U ratios from 14 to 36. The 
compositions of OIBs, primitive mantle, and continental crust are shown for 
reference. The source of Icelandic basalts is evidently heterogeneous in terms 
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Figure 4-11. Plot of Nb/U versus Ce/Pb, showing the data from this study. 
The compositions of mean global oceanic basalt, the postulated primitive 
mantle, and the continental crust are also shown (Hofmann et al., 1986). The 
composition of sample ice-9g lies off the main trend formed by the other 
Icelandic data. This is because this sample is very depleted in incompatible 
elements compared with the other Icelandic samples, but unlike Nb and U, Ce 
and Pb were not counted for long time-periods. The Nb/U ratio is likely to be 
accurate, but the Ce/Pb ratio may not be. 
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The relationship between the noble gas isotopic compositions and incompatible 
elements may depend on the their behaviour under different pressure and temperature 
conditions during mantle melting. The noble gas isotopic ratio would not necessarily be 
expected to co-vary linearly (i.e., to be coupled with) with the Nb/U, Nb/Th or Ce/Pb 
ratios for two reasons: (1) the elemental ratio of the gaseous to the non-gaseous species 
may vary (e.g., [Ne]/[Nb], [He]/[U]) owing to partial melting, diffusion or solubility 
controlled fractionation during magmatic ascent (see Chapter 2); (2) there may be more 
than one mantle end-member present (e.g., MORE and OIB), so that the [noble 
gas]/[trace element] ratio in the mixture varies. Additional complexity may be introduced 
by the presence of more than two mantle components in the mixture. 
4.4 Summary 
Icelandic basalts have lead, strontium and neodymium isotopic ratios that overlap 
the compositions of MOREs that are free from the influence of plume melts. Thus, it is 
possible that addition of a MORE-derived component to the Icelandic plume may 
contribute to the observed heterogeneity in the isotopic ratios of Icelandic basalts. The 
Icelandic tholeiites and picrites are heterogeneous in terms of Nb/U, Ce/Pb and Nb/Th 
ratios. This may imply that, in contrast to previous interpretations based on OIBs and 
MORE data, the mantle that is sampled by the Icelandic plume has not been completely 
re-homogenized following continental crust extraction. These factors may influence the 
noble gas isotopic compositions in Icelandic basalts. However, owing to the differences 
in behaviour of noble gases compared with other elements during melting, crystallization, 
and bubble formation, incompatible element ratios and Pb, Sr and Nd isotopic ratios are 
unlikely to be linearly correlated with noble gas isotopic ratios. 
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CHAPTER 5: PREVIOUS AND NEW 
NOBLE GAS RESULTS FROM ICELANDIC 
BASALTS 
5.1 Introduction 
Previous studies of Icelandic basalts revealed high 3He/4He ratios of up to 37 + 2 
Ra (Hilton et al., 1999) that exceed the maximum ratios measured in Hawaiian basalts 
(ca. 30 Ra). The relatively high 3He/4He ratios in Icelandic samples, together with other 
geochemical factors, suggest Icelandic basalts originated from a plume rather than a mid-
ocean ridge basalt (MORB) source (Schilling, 1973). The characteristically primitive 
neon isotopic ratios found in Hawaiian basalts are expected owing to the coupling of 
helium and neon isotope systematics in the mantle (Honda et al., 1993b). For this 
reason, relatively primitive neon isotopic ratios are also expected in Icelandic basalts. The 
degree of noble gas isotopic heterogeneity recorded at geographically distinct localities 
such as Iceland, Hawaii, Reunion, and Samoa may help us to understand the extent of 
mantle degassing and stirring over the course of the Earth's history. Thus, one of the 
primary aims of this study was to determine whether Icelandic basalts have primitive 
neon isotopic ratios. 
This chapter presents the helium, neon, argon, krypton and xenon isotopic ratios 
determined on gas extracted from olivine and glass separates from young and relatively 
primitive Icelandic picrites and tholeiitic basalts. As will be shown in this chapter, the 
neon isotopic ratios from some Icelandic samples are more solar-like than those found in 
Hawaiian basalts. 
5.1.1 Previous noble gas investigations in Iceland and adjacent Mid-
Atlantic Ridge 
Helium 
The 3He/4He ratios of basaltic samples from along the Mid-Atlantic Ridge 
(MAR) to the north (Kolbeinsey Ridge) and south (Reykjanes Ridge) of Iceland increase 
with proximity to Iceland (Poreda et al., 1986). In the south, they increase from values of 
about 9.3 Ra that are close to typical MORB ratios (8.5 Ra) at 53°N to a maximum of 16 
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Ra just south of the Reykjanes Peninsula, and suggest that close to Iceland, a higher 
proportion of plume derived He, with high 3He/4He ratios, has mixed with MORB-
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Figure 5-1. Published 3He/4He ratios from Iceland and the adjacent Mid-
Atlantic Ridges to the south (Reykjanes Ridge) and north (Kolbeinsey Ridge) 
of Iceland (Burnard et al., 1994; Hilton et al., 1999; Hilton et al., 1990; Hilton 
et al., 1998; Poreda et al., 1986). 
Helium studies of basaltic and geothermal Icelandic samples from the Reykjanes 
Peninsula (western neo-volcanic zone, NVZ), the eastern NVZ and northern NVZ (see 
Chapter 4) (Burnard et al., 1994; Condomines et al., 1983; Harrison et al., 1999; Hilton et 
al., 1990; Kurz et al., 1985; Sano et al., 1985; Trieloff et al., 2000) showed a large range 
in 3He/4He ratios (2 < Ra <30). Most samples from the Reykjanes Peninsula, where the 
majority of the samples from the present study were collected, have 3He/4He ratios that 
are similar to the maximum value (17 Ra) from MORB samples obtained along the 
Reykjanes Ridge closest to Iceland (Fig. 5-1). The maximum 3He/4He ratio of 37 + 2 
Ra reported so far for Iceland (Fig. 5-2) is from crushed olivine separates from samples 
obtained from the north-west peninsula (Vestfidir area) of Iceland (Hilton et al., 1999). 
High 3He/4He ratios of near 30 Re/Ra (Re = air-corrected) have been measured in 
hydrothermal water from the Vestfidir Peninsula area in northwest Iceland (Hilton et al., 
1998). The most active volcanism in Iceland is occurring beneath Vatnajokull (see Fig. 
4-1) at Grimsvotn, where 3He/4He ratios are ~ 19 Re/Ra (Hilton et al., 1990). Evidently, 
from comparison of the 3He/4He ratios from the Vestfidir region with those from 
Grimsvotn, the maximum measured 3He/4He ratios are not necessarily focused at the 
location of greatest volcanic activity. Lower 3He/4He ratios of near 5 Ra have been 
measured in geothermal samples and intermediate and silicic volcanic glasses. These low 




Previous and new noble gas results from Icelandic basalts 
uppermost basaltic crust into the water or magma (Condomines et al., 1983; Hilton et al., 
1998). Whether crustal contamination is the main factor responsible for the 
heterogeneous 3He/4He ratios has been debated; such variations in the 3He/4He ratios 
may alternatively be regarded as reflecting heterogeneities in the mantle beneath Iceland 
(Kurz et al., 1985). The lowest 3He/4He ratios measured in Icelandic samples of near 1 
to 4 Ra are from melted olivine powders residual from crushing experiments (Hilton et 
al., 1999). The helium in the olivine matrix was interpreted to be predominantly 
radiogenic 4He, but its origin was not explained (Hilton et al., 1999). 
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Figure 5-2. Published 3He/4He versus 4He concentrations in Icelandic 
phenocryst and glass samples. The 3He/4He ratios from geothermal gases and 
water samples in Fig. 5-1 are not shown here. A crushed olivine sample from 
the Vestfidir Peninsula has the highest 3He/4He ratio measured from a mantle 
plume of 37 ± 2 (Hilton et al., 1999). The powder residual from crushing the 
phenocrysts has ratios that are lower than the MORB ratio, from 1.0 ± 0.3 to 
3.9 + 0.3 Ra. The lower 3He/4He ratios from the powders have been 
interpreted to result from a radiogenic component of 4He in the crystal lattice 
(Hilton et al., 1999). Samples from the Reykjanes Peninsula (Burnard et al., 
1994; Harrison et al., 1999) have 3He/4He ratios between 10 and 20 Ra. 
Samples from the Reykjanes Peninsula analysed by Condomines et al. (1983) 
are between 12 to 24 Ra, and extend to lower values (7 Ra) in basaltic samples 




Owing in part to atmospheric contamination, neon analyses of MORB glasses 
from the Reykjanes and Kolbeinsey Ridges do not display the systematic variation with 
proximity to Iceland that is seen in the 3He/4He ratios. Most of the neon isotopic ratios 
from 60 to 62.7°N latitude scatter about the MORB correlation line (Fig. 5-3). Two 
MORB glass samples from 57° 14 N and 58°25 N latitude have neon isotopic ratios that 
lie within one sigma of the air-solar mixing line and are distinct from the atmospheric 
composition by more than two sigma. The significance of these data having 
compositions on or near the air-solar mixing line was not discussed by Poreda and 
Radicati di Brozolo (1984), who reported the measurements. 
In contrast to the numerous helium studies, there is only one published neon 
isotopic investigation of Icelandic basalts prior to the present study. The neon isotopic 
ratios are from two samples from a single locality at Dagmalaf ell quarry, Midf ell, in the 
Hengill volcanic system (Harrison et al., 1999) (see petrographic description of Midfell 
basalts in Chapter 4). These ratios define a trend in the neon three-isotope plot that is 
intermediate between the Loihi-Kilauea (L-K) line (Honda et al., 1991; Valbracht et al., 
1997) and the MORB trend (Hiyagon et al., 1992; Sarda et al., 1988) with the highest 
21Ne/22Ne ratios of 0.047 + 0.005 at a near-solar 20Ne/22Ne ratio of 13.7 + 0.3 (Fig. 
5-4). Additional data from samples from Midfell are reported by Trieloff et al. (2000). 
These samples are from a different part of the same flow unit as the samples analysed by 
Harrison et al. (1999). The neon data reported by Trieloff et al. (2000) have an end-
member 21Ne/22Ne ratio of near 0.038 at an extrapolated 20Ne/22Ne ratio of 13.8 (solar 
ratio). The maximum measured 20Ne/22Ne ratio analysed by Trieloff et al. (2000) is 
12.85 + 0.31, which is slightly lower than the maximum value measured by Harrison et 
al. (1999). The different neon end-member isotopic compositions reported by Harrison 
et al. (1999) and Trieloff et al. (2000) in different glass samples from the same flow unit 
suggest significant local heterogeneity in the noble gas composition of erupted lavas. 
Coupled production of 4He and 21Ne* permits the 3He/4He rat~o to be predicted 
based on the slope of the trend defined by the neon data in the neon 3-isotope plot 
(Honda et al., 1993a). The predicted 3He/4He ratio of approximately 14 Ra from 
Harrison et al. (1999) is calculated from the 21Ne/22Ne end-member ratio of 0.042 -
0.052 that is intermediate between the solar (0.0328) and the MORB (0.074) 
endmembers (see Chapter 2). The measured 3He/4He ratios of 15 - 19 Ra are only 
slightly higher than the predicted ratio. In contrast, the neon data in Fig. 5-3 that lie on 
the air-solar mixing line are expected to be coupled with relatively high, solar-like 
3He/4He ratios (100 - 320 Ra, see Chapter 2), but are instead associated with 3He/4He 
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Figure 5-3. Neon three isotope plot, showing neon isotopic compositions of 
gas fractions released by melting or vacuum crushing of MORB glasses from 
the Reykjanes and Kolbeinsey Ridges to the south and north of Iceland, 
respectively (Poreda and Radicati di Brozolo, 1984 ). There is no systematic 
difference between the neon isotopic ratios from the two different ridges. 
Data lying near the air-solar mixing line within one sigma uncertainty are 
from samples furthest from Iceland near 57.2 - 58.4 °N latitude. Samples at 
this latitude in Figure 5-1 have 3He/4He near 12 Ra. Neon isotopic 
compositions from Reykjanes Ridge samples that lie near the MORB trend are 
from > 60°N latitude, from the region where the 3He/4He ratios show a slight 
decrease from ~ 17 Ra to ~ 13 Ra in Figure 5-1. 
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Figure 5-4. Neon three isotope plot, showing results from Icelandic samples 
reported by Harrison et al. (1999) and Trieloff et al. (2000). Gas was released 
from glass separates by in-vacuo sequential crushing. The maximum 
20Ne/22Ne ratio is within one sigma uncertainty of the solar ratio. Neon 
isotopic ratios lie between the L-K line (Honda et al., 1993b) and the MORB 
trend with a 21 Ne/22Ne end-member ratio of 0.047 + 0.005. Data from 
Trieloff et al. (2000) have a 21 Ne/22Ne end-member ratio of near 0.038 at an 
extrapolated 20Ne/22Ne ratio of 13.8 (solar ratio). The maximum measured 




Previous measurements of argon abundances and isotopic ratios in Icelandic 
olivine and glass separates (Fig. 5-5A) showed that olivine typically has much lower 
40Ar/36Ar ratios (e.g., 420 + 30) than coexisting glass (e.g., 2200 + 200) (Burnard et al., 
1994). Owing to the lower 40Ar/36Ar ratio in olivine than in the host glass, the olivine 
was inferred to be xenocrystic (Burnard et al., 1994). The maximum 40ArJ36Ar ratios 
measured in the glass phase of Icelandic samples (2200 + 200) are associated with 
3He/4He ratios near 17 Ra, which are significantly higher than the MORB ratio of 8.5 Ra 
(Burnard et al., 1994 ). Other comparable studies have found 40 Ar/36 Ar ratios of gases 
released from crushed glass samples have an even higher maximum ratio of 6501 + 311 
(Harrison et al., 1999) (Fig. 5-5A, B) that are associated with 3He/4He ratios of 15 - 18 
Ra. The data from Trieloff et al. (2000) on samples from the same locality as studied by 
Harrison et al. (1999) have somewhat lower maximum 40ArJ36Ar ratios of 4350 + 90 
that are associated with 3He/4He ratios of 17 + 1. 
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Figure 5-SA . Published 40 Ar/36 Ar versus 36 Ar from Icelandic basalts. The 
maximum 40 Ar/36 Ar ratios are in the gas fractions with the lowest 36 Ar 
concentrations, probably owing to the smaller amount of atmospheric argon in 
these fractions. The maximum 40Ar/36Ar ratio from Burnard et al. (1994) is 
2200 + 200, and the maximum from Harrison et al. (1999) is 6500 + 310. 
The maximum 40 Ar/36 Ar ratios from Trieloff et al. (2000) is lower and equal 
to 4350 + 90, but lies on the same trend as the data reported by Harrison et al. 
(1999). Such near-linear trends may be attributed to binary mixing between 
mantle-derived and atmospheric argon. 
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Figure 5-SB. 40 Ar/36 Ar versus 1/36 Ar for individual gas fractions released 
from two samples from the same locality reported by Harrison et al., (1999). 
Krypton 
No isotopic analyses of krypton have yet been reported for Icelandic samples, 
probably owing to the similarity between the measured ratios in basaltic samples and the 
krypton isotopic ratios in the atmosphere. 
Xenon 
Xenon isotopic ratios from two Icelandic glass samples from one locality show 
129Xe/l30Xe ratios of up to 7.37 (Harrison et al., 1999) that are much higher than the 
atmospheric ratio of 6.496 (see Chapter 2) (Fig. 5-6). Note that for these data, 130xe 
was not measured, and 132Xe was used as the reference isotope. In order to re-normalize 
the data to 130xe, the l30Xe/132Xe ratio in the samples was assumed to be the same as 
that in the atmosphere (Harrison et al., 1999). Xenon isotopic data from Icelandic basalts 
obtained by Trieloff et al. (2000) from the same locality and flow unit as that described in 
Harrison et al. (1999) have 129Xe/130xe and 136Xe/130xe ratios that are significantly 
higher than their respective ratios in the atmosphere. The 129Xe/130Xe ratios are as high 
as 6.97 + 0.20, and 136Xe/130Xe are up to 2.35 + 0.11 (Trieloff et al., 2000). In plots of 
129Xe/130Xe versus 136Xe/130Xe, the Icelandic data fall on the same trend as that defined 
by the MORE popping rock data of Moriera et al., (1998). This is consistent with 
observations, as all other mantle-derived samples that have non-atmospheric 129Xe/130xe 
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Figure 5-6. Plot of 129Xe/130Xe and 136Xe/130Xe data from Icelandic basalts 
reported by Trieloff et al. (2000). These data are among the few to show high 
129Xe/130Xe and l36Xe/130xe ratios relative to the atmospheric ratio in 
samples derived from an ocean island basalt (OIB)-type locality (see Chapter 
2). The data lie along the same trend as the 129Xe/130Xe and 136Xe/l30Xe 
data from MORBs. See chapter 6 for further explanations. 
The measured 129Xe/130xe and 136Xe/130xe ratios in Icelandic basalts, that are 
higher than their respective ratios in the atmosphere, could be interpreted in a variety of 
ways, as described in Chapter 2. The relatively high 129Xe/130Xe and l36Xe/130Xe ratios 
may originate from material in the Icelandic plume source, but alternatively may result 
from entrainment of MORB source material that has high 129Xe/130Xe and 136Xe/130Xe 
ratios into the Icelandic plume. These possibilities will be discussed in more detail in 
Chapter 6. 
5.2 Analytical results: this study 
The noble gas elemental and isotopic ratios from 26 different samples from 13 
localities in Iceland are reported here. A total of 28 olivine, one pyroxene and 9 glass 
separates were analysed. In two samples, both olivine and host glass were analysed 
(note: ice-32.1, olivine, and 32.2, glass, are from the same locality but are different 
samples). In one sample (ice-34), both olivine and pyroxene phenocrysts were analysed, 
but the amount of gas released from pyroxene was generally below the blank level. 
Seven separates were analysed in duplicate, and two separates were analysed in triplicate. 
The samples from this study will be divided into "well-shielded" and "partly-
shielded" samples in plots showing isotopic and elemental abundance ratios (but not in 
plots of elemental abundances relative to the atmosphere). Well-shielded samples are 
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those that were obtained from quarries or from several meters below the surf ace on 
rapidly eroding cliff-faces and are very unlikely to have cosmogenic components of 3He 
and 21Ne. Partly-shielded samples are those that were obtained from within two meters 
of the surface. The partly-shielded samples are: ice-I, -2 (2.1 and 2.2), -4, -10 (-JO.I 
and -10.2), -11 (-11.1 and -11.2), -12 (-12.1 and -12.2), -14, -16, -23, -24 and -25. 
Although some of these samples may have been far enough below the surface to be 
shielded from cosmic rays, the presence of some cosmogenic 3He and 21Ne cannot be 
entirely ruled out. At three localities, both a "surf ace" sample and a "partly shielded" 
sample were analysed to evaluate the relative production of cosmogenic isotopes at 
different depths below the surface. These results will be discussed in detail in Chapter 6. 
Gases were released from most olivine separates by step-heating, whereas they 
were released from glasses by step-heating and/or crushing. The weight of the sample 
analysed, and an explanation of the sample labelling system, are found in Table 4-1. 
Details of the methods used to obtain the noble gas results are found in Appendix 3. 
5.2.1 Relative noble gas abundance ratios 
The noble gas concentrations are reported as relative abundance ratios of a given 
isotope in the sample normalized to 36Ar, compared with the abundance of the same ratio 
. . 1n arr, or: 
F(X) = (XJ36Ar)sAMPLE/(XJ36Ar)AIR, 
where X = 3He, 20Ne, 36Ar, 84K.r, or l30Xe 
The F(X) values for some MORBs (Hiyagon et al., 1992) and Hawaiian OIBs (Honda et 
al., 1993c) are shown in (Figs. 5-7A, B) to demonstrate the range in F(X) values in some 
mantle-derived samples for comparison with those in Icelandic basalts. There is a large 
range in relative noble gas concentrations in Icelandic basalts, and most of the olivine and 
glass separates have F(X) values that are within the range of values reported in other 
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Figure 5-7 A, B. Relative elemental abundance patterns of noble gases from 
Icelandic phenocryst and glass separates (this study). Note the different y-axis 
scales in 5-7 A and 5-7B. The results from Icelandic samples show a large 
range in relative abundance ratios comparable to the range reported in 
MORBs and Hawaiian OIB (shaded regions; OIB = orange, MORB = blue). 
All glass separates are shown in 5-7B, the lower plot, as filled symbols, and the 
remaining analyses are all of olivine separates except ice-34PX (pyroxene). 
The MORBs compositions are from data reported by Hiyagon et al. (1992) 
and OIB compositions are from Honda et al. (1993b). 
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5.2.2 Noble gas concentrations and isotopic ratios 
Helium 
The 4He abundances in Icelandic samples from this study range from 5 x 10-10 to 
2 x 10-8 cm3STP/g in olivine and from 2 x l0-8 to 6 x l0-6 cm3STP/g in the glass 
separates (Table 5-1, Fig. 5-8). The minimum and maximum measured total gas 
3He/4He ratios are 8.3 + 0.8 Ra (ice-2.2b) and 75 + 7 Ra (ice-2.la) (Table 5-1). The 
majority of analyses of olivine and glass from step-heated and crushed samples yielded 
3He/4He ratios between 12 and 20 Ra (Table 5-1 and Fig. 5-8). The helium isotopic 
compositions of the partly-shielded samples will be evaluated in Chapter 6 to determine 
whether they have a component of cosmogenic 3He. Most total gas isotopic ratios 
( obtained by combining the gas released from incremental step-heating) have a similar 
range to those involving step-heating/crushing (Table 5-1). 
100 .. 
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Figure 5-8. Helium results from analyses of Icelandic olivine and glass 
separates. Individual step-heats are shown as open symbols, whereas the sum 
of the total gas released is shown as filled symbols. Samples are further 
divided into those that were well-shielded from cosmic rays, and those that 
were partly shielded. The sample that has the highest 3He/4He ratio 
(individual gas extraction) of 181 + 21 Ra is ice-2.1 a, a partly shielded (p.s.) 
sample. Most 3He/4He ratios lie between the grey bands labelled "Loihi 
maximum" and "MORB ." The maximum 3He/4He ratios from well-
shielded (w.s.) Icelandic samples are similar to those from Loihi samples. The 
minimum ratios are close to the average MORB ratio of 8.5 Ra. The isotopic 
compositions of the total gas released from the olivine and glass separates are 
similar to those of individual gas fractions in most cases. 
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Table 5-1. Helium and neon data from Icelandic basalts 
sample ztHe 3He/lHe 3He/4He 22Ne cm~STP/g 20Ne/22Ne 21Ne/ttNe 
cm
3STP/g (lxlff5) Ra (1 X lff 12) 
(1 X lfflO) 
ice-1 a, olivine, 5. 029 I(, Mid.fell 
900 7.6 ± 0.4 b.c. - b.c. - 1.06 ± 0.06 10.16 ± 0.11 0.0289 ± 0.0007 
1800 29 ±2 1.38 ± 0.10 9.8 ± 0.7 b.c. - b.c. - b.c. 
Total 37 ±2 1.34 0.08 9.6 ± 0.6 1.06 ± 0.06 10.16 ± 0.11 0.0289 ± 0.0007 
ice-lb, olivine, 5.638 g, Midfell 
900 7.3 ± 0.4 3.0 ± 0.4 22 ±3 0.82 ± 0.04 10.16 ± 0.10 0.0309 ± 0.0007 
1800 43 ±2 3.0 ± 0.3 21 ±2 0.63 ± 0.03 10.89 ± 0.10 0.0334 ± 0.0006 
1850 b.c. - b.c. - b.c. - b.c. - b.c. - b.c. 
Total 50 ±3 3.0 ± 0.3 21 ±2 1.45 ± 0.05 10.47 ± 0.07 0.0320 ± 0.0005 
ice-2.la, olivine, 4.309 g, Sandfell/H en gill 
900 9.1 ± 0.5 25 ±3 181 ± 21 3.5 ± 0.2 10.91 ± 0.09 0.0296 ± 0.0006 
1800 21 ± 1 4.0 ± 0.5 29 ±3 0.88 ± 0.05 11.43 ± 0.14 0.0376 ± 0.0009 
1850 b.c. - b.c. - b.c. - b.b. - b.b. - b.b. 
Total 30 ± 1 11 ± 1 75 ±7 4.4 ± 0.2 11.01 ± 0.08 0.0312 ± 0.0005 
ice-2.2a, olivine, 6.162 g, Sandfell/H en gill 
400 b.c. - b.c. - b.c. - b.c. - b.c. - b.c. 
700 5.5 ± 0.3 2.0 ± 0.3 14 ±2 2.3 ± 0.1 9.98 ± 0.11 0.0278 ± 0.0005 
900 b.c. - b.c. - b.c. - 0.34 ± 0.03 10.16 ± 0.19 0.035 ± 0.002 
1350 3.0 ± 0.2 b.c. - b.c. - 0.61 ± 0.04 10.30 ± 0.16 0.036 ± 0.001 
1800 7.0 ± 0.4 2.0 ± 0.3 14 ±2 0.97 ± 0.05 10.13 ± 0.12 0.0327 ± 0.0008 
1850 b.c. - b.c. - b.c. - b.c. - b.c. - b.c. 
1900 b.c. - b.c. - b.c. - b.c. - b.c. - b.c. 
Total 15.6 ± 0.5 2.0 ± 0.3 14 ±2 4.2 ± 0.1 10.07 ± 0.07 0.0306 ± 0.0004 
ice-2.2b, olivine, 6.190 g, Sandfell/Hengill 
400 b.c. - b.c. - b.c. - b.c. - b.c. - b.c. 
800 17 ± 1 b.c. - b.c. - 0.50 ± 0.03 10.23 ± 0.12 0.028 ± 0.001 
870 1.7 ± 0.1 b.c. - b.c. - b.c. - b.c. - b.c. 
1280 3.5 ± 0.2 4.6 ± 0.6 33 ±4 b.c. - b.c. - b.c. 
1800 8.0 ± 0.5 2.3 ± 0.3 16 ±2 0.42 ± 0.02 10.82 ± 0.17 0.040 ± 0.001 
1850 b.c. - b.c. - b.c. - b.b. - b.b. - b.b. 
Total 30 ± 1 1.2 ± 0.1 8.3 ± 0.8 0.92 ± 0.04 10.50 ± 0.10 0.0335 ± 0.0008 
ice-3a, olivine, 3.384 g, Burfell i olfusi 
900 b.c. - b.c. - b.c. - 0.32 ± 0.04 11.21 ± 0.24 0.029 ± 0.003 
1800 b.c. - b.c. - b.c. - 2.5 ± 0.1 10.30 ± 0.10 0.0295 ± 0.0005 
1850 b.c. - b.c. - b.c. - 0.8 ± 0.1 9.77 ± 0.20 0.030 ± 0.003 
Total b.c. - b.c. - b.c. - 3.6 ± 0.2 10.27 ± 0.08 0.0295 ± 0.0008 
ice-3b, olivine, 2. 786 g, Burfell i olfusi 
900 b.c. - b.c. - b.c. - 0.67 ± 0.05 10.76 ± 0.18 0.029 ± 0.001 
1800 b.c. - b.c. - b.c. - 0.61 ± 0.05 10.87 ± 0.17 0.032 ± 0.002 
1850 b.c. - b.c. - b.c. - b.c. - b.c. - b.c. 
Total b.c. - b.c. - b.c. - 1.3 ± 0.1 10.81 ± 0.13 0.030 ± 0.001 
ice-4, olivine, 3.181 g, Halejarbunga 
900 b.c. - b.c. - b.c. - 0.95 ± 0.06 10.25±0.11 · 0.0302 ± 0.0008 
1800 4.7 ± 0.3 7.8 ± 0.9 56 ±7 0.82 ± 0.06 10.54 ± 0.16 0.054 ± 0.002 
1850 b.c. - b.c. - b.c. - b.b. - b.b. - b.b. 
Total 4.7 0.3 7.8 ± 0.9 56 ±7 1.77 ± 0.08 10.38 ± 0.10 0.041 ± 0.001 
ice-9a, olivine, 5.162 g, Midfell 
900 13.3 ± 0.8 3.9 ± 0.8 28 ±5 n.a. - n.a. - n.a. 
1800 72 ±4 2.5 ± 0.3 18 ±2 2.0 ± 0.1 11.96 ± 0.36 0.0308 ± 0.0007 
Total 85 ±4 2.7 ± 0.3 20 ±2 2.0 ± 0.1 11.96 ± 0.36 0.0308 ± 0.0007 
ice-9b, olivine, 5.160 g, Midfell 
900 10.6 ± 0.6 4.1 ± 0.5 29 ±3 0.34 ± 0.07 13.3 ± 1.1 0.034 ± 0.003 
1800 82 ±5 4.1 ± 0.5 29 ±3 b.b. - b.b. - b.b. 
1850 b.c. - b.c. - b.c. - 0.49 ± 0.07 11.10 ± 0.46 0.031 ± 0.002 
Total 93 ±5 4.1 ± 0.4 29 ±3 0.8 ± 0.1 11.98 ± 0.56 0.032 ± 0.002 
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sample ~ e 3Hef He 3Hef He 92Ne cm3STP/g 1¾ eF 2Ne 21Nei22Ne 
cm3STP/g (lxlff5) Ra (1 X lff12) 
(1 X lfflO) 
ice-9c, olivine, 5.176 K, Mid.fell 
900 13.1 ± 0.8 2.6 ± 0.2 19 ± 1 b.c. - b.c. - b.c. 
1800 66 ±4 2.4 ± 0.2 17 ± 1 b.c. - b.c. - b.c. 
Total 79 ±4 2.4 ± 0.1 17 ± 1 b.c. - b.c. - b.c. 
ice-9d, olivine, 0. 702 g, Midfell 
crush b.c. - b.c. - b.c. - b.c. - b.c. - b.c. 
ice-9gl, glass, 2.026 g, Midfell 
700 1206 ± 70 2.3 ± 0.2 16 ± 1 11.1 ± 0.5 10.07 ± 0.14 0.0300 ± 0.0005 
1600 8122 ± 471 2.5 ± 0.2 18 ± 1 23 ± 1 10.81 ± 0.14 0.0301 ± 0.0006 
Total 9327 ± 476 2.4 ± 0.2 17 ± 1 34 ± 1 10.57 ± 0.10 0.0301 ± 0.0004 
ice-9g2, glass, 0.585 g, Midfell 
crush 62375 ±361 2.7 ± 0.2 19 ± 1 181 ± 9 10.74 ± 0.13 0.0304 ± 0.0005 
ice-9g3, glass, 0. 720 g, Mid/ell 
crush 23772 ± 137 2.6 ± 0.2 19 ±2 339 ± 15 9.94 ± 0.08 0.0295 ± 0.0003 
ice-10.1, olivine, 4.66 g, Maelifell 
900 2.9 ± 0.2 b.c. - b.c. - 2.3 ± 0.1 9.95 ± 0.16 0.0300 ± 0.0006 
1800 31 ±2 2.8 ± 0.3 20 ±2 
Total 34 ±2 2.6 ± 0.3 18 ±2 2.3 ± 0.1 9.95 ± 0.16 0.0300 ± 0.0006 
ice-10.2, olivine, 5.904 g, Maelifell 
900 3.0 ± 0.2 4.8 ± 0.4 34 ±3 1.90 ± 0.09 9.88 ± 0.10 0.0294 ± 0.0005 
1800 58 ±3 2.2 ± 0.2 16 ± 1 b.c. - b.c. - b.c. 
Total 61 ±3 2.4 ± 0.2 17 ± 1 1.90 ± 0.09 9.88 ± 0.10 0.0294 ± 0.0005 
ice-I 1.1, olivine, 3. 758 g, Sandfell/Hengill 
900 2.2 ± 0.1 b.c. - b.c. - 1.5 ± 0.1 10.56 ± 0.30 0.033 ± 0.001 
1800 29 ±2 2.8 ± 0.3 20 ±2 b.c. - b.c. - b.c. 
Total 31 ±2 2.6 ± 0.3 19 ±2 1.5 ± 0.1 10.56 ± 0.30 0.033 ± 0.001 
ice-11.2, olivine, 5.535 g, Sandfell/Hengill 
900 4.0 ± 0.2 4.1 ± 0.4 30 ±3 1.09 ± 0.05 10.10 ± 0.12 0.0301 ± 0.0005 
1800 69 ±4 2.3 ± 0.2 17 ± 1 b.c. - b.c. - b.c. 
Total 73 ±4 2.4 ± 0.2 17 ± 1 1.09 ± 0.05 10.10 ± 0.12 0.0301 ± 0.0005 
ice-12.1, olivine, 3.06 g, Asar 
900 b.c. - b.c. - b.c. - 5.8 ± 0.3 10.25 ± 0.14 0.0308 ± 0.0005 
1800 b.c. - b.c. - b.c. - 2.7 ± 0.2 10.30 ± 0.20 0.0319 ± 0.0008 
Total b.c. - b.c. - b.c. - 8.4 ± 0.3 10.26 ± 0.12 0.0311 ± 0.0004 
ice-12.2, olivine, 5.103 g, Asar 
900 5.3 ± 0.3 2.8 ± 0.4 20 ±3 8.8 ± 0.4 9.78 ± 0.08 0.0295 ± 0.0003 
1800 7.4 ± 0.4 3.8 ± 0.5 27 ±3 1.12 ± 0.06 10.08 ± 0.12 0.0343 ± 0.0007 
Total 12.7 ± 0.5 3.3 ± 0.3 24 ±2 9.9 ± 0.4 9.81 ± 0.08 0.0301 ± 0.0003 
ice-14, olivine, 3.087 g, Burfell i olfusi 
900 b.c. - b.c. - b.c. - b.c. - b.c. - b.c. 
1800 10.9 ± 0.6 3.3 ± 0.3 23 ±2 3.4 ± 0.2 10.15 ± 0.17 0.0320 ± 0.0007 
Total 10.9 ± 0.6 3.3 ± 0.3 23 ±2 3.4 ± 0.2 10.15 ± 0.17 0.0320 ± 0.0007 
ice-16, olivine, 5.388 g, Eldborg 
900 7.1 ± 0.4 5.8 ± 0.5 41 ±4 3.1 ± 0.1 10.23 ± 0.10 0.0302 ± 0.0005 
1600 123 ±7 2.5 ± 0.2 18 ±2 0.86 ± 0.06 10.97 ± 0.19 0.039 ± 0.001 
Total 130 ±7 2.7 ± 0.2 19 ±2 4.0 ± 0.2 10.39 ± 0.09 0.0321 ± 0.0004 
ice-l 8b, olivine, 3.649 g, Stapafell 
900 14.1 ± 0.8 2.4 ± 0.3 17 ±2 17.9± 0.8 9.94 ± 0.08 0.0298 ± 0.0003 
1800 83 ±5 2.3 ± 0.3 16 ±2 0.64 ± 0.04 9.64 ± 0.25 0.029 ± 0.001 
Total 97 ±5 2.3 ± 0.2 16 ±2 18.5 ± 0.8 9.93 ± 0.08 0.0298 ± 0.0003 
ice-18g2, glass, 3. 704 g, Stapafell 
700 408 ± 24 1.8 ± 0.2 13 ±2 55 ±2 9.75 ± 0.08 0.0317 ± 0.0003 
1500 112 ±7 2.5 ± 0.3 18 ±2 36 ±2 9.86 ± 0.08 0.0296 ± 0.0003 











ice-181(3, !([ass, 0.983 I(, Stapa.fell 
22Ne cm3STP/g 
(1 X lff12) 
crush 619 ± 36 2.0 ± 0.2 14 ± 2 74 ± 3 
ice-19a, olivine, 5.341 g, Sulur 
900 20 ± 1 1.9 ± 0.2 14 ± 2 12.7 ± 0.6 
1800 90 ± 5 2.5 ± 0.3 18 ± 2 0.58 ± 0.05 
Total 110 ± 5 2.4 ± 0.2 17 ± 2 13.3 ± 0.6 
ice-19b, olivine, 5.1531 g, Sulur 
900 14.5 ± 0.8 2.2 ± 0.2 16 ± 1 1.29 ± 0.06 
1800 131 ± 8 2.0 ± 0.2 15 ± 1 0.53 ± 0.04 
Total 145 ± 8 2.1 ± 0.2 15 ± 1 1.81 ± 0.07 
ice23a, olivine, 5.06 g, Haleyjarbunga 
900 b.c. - b.c. - b.c. - 1.41 ± 0.08 
1800 b.c. - b.c. - b.c. - 1.36 ± 0.08 
Total b.c. - b.c. - b.c. - 2.8 ± 0.1 
ice-24, olivine, 2.847 g, Hraunsvik/Hrolfsvik 
900 b.c. - b.c. - b.c. - b.c. -
1800 b.c. - b.c. - b.c. - b.c. -
Total b.c. - b.c. - b.c. - b.c. -
ice-25, olivine, 4.912 g, Bleikholl 
900 1.04 ± b.c. - b.c. - 5.1 ± 0.2 
1800 112 ± 7 2.2 ± 0.2 16 ± 1 0.92 ± 0.05 
Total 113 ± 7 2.2 ± 0.2 16 ± 1 6.0 ± 0.2 
ice-30, olivine, 5.071 g, near Landamnahellir 
900 8.4 ± 0.5 2.3 ± 0.2 17 ± 1 3.2 ± 0.2 
1800 68 ± 4 1.9 ± 0.1 14 ± 1 0.31 ± 0.03 
1850 7.7 ± 0.4 2.3 ± 0.2 17 ± 1 0.29 ± 0.03 
Total 85 ± 4 2.0 ± 0.1 14.2 ± 0.8 3.8 ± 0.2 
ice-32.la, olivine, 5.054 g, near Svartsengisfell 
900 13.7 ± 0.8 1.6 ± 0.3 11 ± 2 15.4 ± 0.7 
1800 173 ± 10 2.1 ± 0.3 15 ± 2 3.5 ± 0.2 
Total 187 ± 10 2.1 ± 0.2 15 ± 2 18.9 ± 0.7 
ice32.2gl, 
700 
glass, 3.056 g, near 
300 ± 17 1.7 ± 0.2 
91 ± 5 2.0 ± 0.3 
391 ± 18 1.8 ± 0.2 
Svartsengisfell 
12 ± 1 65 ± 3 
1500 15 ± 2 14.1 ± 0.6 
Total 13 ± 1 79 ± 3 
ice-32.2g2, glass, 1.040 g, near Svartsengisfell 
crush 173 ± 10 2.5 0.3 18 ± 2 35 ± 2 
ice-34a, olivine, 3.556 g, SW of Skala-Maelifell 
900 3.3 ± 0.2 b.c. - b.c. - 3.0 ± 0.2 
1800 35 ± 2 1.9 ± 0 .2 14 ± 2 0.31 ± 0.06 
Total 39 ± 2 1.7 ± 0.2 12 ± 2 3.3 ± 0.2 
ice-34PX, pyroxene, 0. 70516 g, SW of Skala-Maelifell 





glass, 0.921 g, Sigalda 
2928 ± 170 2.7 ± 0.3 20 ± 2 
glass, 0.8426 g, Lambafell 
214 ± 12 2.6 ± 0.2 19 ± 2 
ice-55g, glass, 0.8184g, Kongsgil 
72 ± 3 
30 ± 1 
26NeP2Ne 21 Nei22Ne 
10.01 ± 0.09 0.0299 ± 0.0003 
9.87 ± 0.08 
10.79 ± 0.25 
9.91 ± 0.08 
9.82 ± 0.09 
10.46 ± 0.17 
10.01 ± 0.08 
10.07 ±0.11 
9.84 ± 0.11 




9.88 ± 0.13 
10.48 ± 0.18 
9.97 ± 0.11 
10.19 ± 0.14 
11.72 ± 0.43 
11.85 ± 0.52 
10.44 ± 0.13 
9.95 ± 0.08 
10.28 ± 0.10 
10.01 ± 0.07 
9.92 ± 0.08 
9.97 ± 0.09 
9.93 ± 0.07 
9.82 ± 0.08 
10.16 ± 0.12 
10.52 ± 0.51 
10.20 ± 0.12 
b.c. -
9.84 ± 0.08 
9.92 ± 0.09 
0.0299 ± 0.0003 
0.029 ± 0.002 
0.0298 ± 0.0003 
0.0291 ± 0.0003 
0.030 ± 0.001 
0.0294 ± 0.0004 
0.0286 ± 0.0005 
0.0293 ± 0.0006 




0.0300 ± 0.0005 
0.0384 ± 0.0009 
0.0312 ± 0.0004 
0.0300 ± 0.0005 
0.0299 ± 0.0016 
0.0345 ± 0.0019 
0.0303 ± 0.0005 
0.0295 ± 0.0003 
0.0302 ± 0.0005 
0.0296 ± 0.0003 
0.0296 ± 0.0003 
0.0301 ± 0.0003 
0.0297 ± 0.0003 
0.0297 ± 0.0003 
0.0300 ± 0.0005 
0.026 ± 0.002 
0.0296 ± 0.0005 
b.c. 
0.0300 ± 0.0003 
0.0311 ± 0.0006 
crush 270 ± 26 2 .8 ± 0.4 20 ± 3 20 ± 1 10.01 ± 0.09 0.0319 ± 0.0006 
b.c. is below cut-off (see Appendix 3), b.b. is below blank, n.a .. is not analysed. 
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Comparison with previous analyses of 3He/4He ratios in Icelandic basalts 
Most of the 3He/4He ratios from this study are similar to those found in previous 
studies on samples from nearby localities. For example, samples from Sigalda (ice-47, 
3He/4He = 20 + 2 Ra) and Stapafell (ice-18g, 14 + 2 Ra) have 3He/4He ratios similar to 
those from the same localities reported by Kurz et al. (1985) (20.8 Ra) and Condomines 
et al. (1983) (13.8 + 0.1 Ra), respectively. In contrast, the glass and olivine from a 
sample from Midfell (ice-9) have maximum 3He/4He ratios that are distinct from those 
measured in a different Midfell sample (M!Dgl, -ol, -crl, -cr2) by Burnard et al. (1994). 
The olivine sample from this study has 3He/4He ratios of near 29 + 3 Ra in ice-9a, -b, but 
lower ratios of 17 + 1 in ice-9c (step-heated) and 20 + 1 in ice-9d (crushed). The olivine 
(separates ice-9a, -9b, -9c, -9d) is hosted by glass (ice-9g-1, -g2) with 3He/4He ratios of 
17 + 1 Ra (step-heat) to 19 + 1 Ra (crush) that are similar to the values in ice-9c and 
-9d. Compared with the results from this study, Burnard et al. (1994) obtained 
significantly lower 3He/4He ratios (13.7 Ra) from crushed olivine, but the ratios from 
crushed glass (16.8 + 0.2 Ra) are similar to those from this study. A contribution from a 
cosmogenic component of 3He in ice-9a and -9b to explain the relatively high 3He/4He 
ratios is considered unlikely because sample ice-9 was obtained from a cliff face in an 
active quarry and is likely to have been well shielded. These results, together with those 
reported by Burnard et al. (1994), emphasize the variability of the helium isotopic 
compositions at this locality. 
The 3He/4He ratios measured in well-shielded samples from the present study 
have a much greater compositional range, from 12 to 30 Ra, than those reported in 
Harrison et al. (1999), Trieloff et al. (2000) and Burnard et al. (1994) (15 to 19 Ra). 
However, the maximum ratio from well-shielded samples measured from this study of 30 
Ra is not the highest measured ratio for Icelandic basalts. The maximum ratio of 37.7 Ra 
was measured by Hilton et al. (1999) from olivine separates from basaltic samples in 
north-western Iceland. The large variation in measured 3He/4He ratios throughout 
Iceland show that the helium isotopic ratios in the magmatic sources of Icelandic basalts 
are heterogeneous. 
Neon 
The 22Ne concentrations in olivine separates from this study range from 1 x 10-12 
to 2 x 10-11 cm3STP/g, and those in glass range from 2 x 10-11 to 3 x 10-10 cm3STP/g 
(Table 5-1). In Figure 5-9, most of the neon isotopic ratios lie within the triangular 
region defined by the air-solar mixing line and the MORB correlation line. 
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Individual gas fractions 
i) Well-shielded olivine separates and glass separates 
Six samples, not including replicates, have gas fractions released by step-heating 
or crushing with isotopic compositions that lie on an air-solar mixing trend within one 
sigma uncertainty (n = 13 gas fractions) or within two sigma uncertainty (n = 3 gas 
fractions). These data are also distinct from the neon isotopic composition in the 
atmosphere (21Ne/22Ne = 0.029; 20Ne/22Ne = 9.8) by more than two sigma uncertainty. 
These samples (Fig. 5-9) include both olivine and glass separates from the replicates of 
sample ice-9. Also included are the results from analyses of olivine separates ice-3a, -
3b, -19a, -19b, -30, -32.la and -34 (Table 5-1). The neon isotopic compositions lying 
on the air-solar mixing line in mantle-derived samples has not been found previously and 
are the most significant results of this study. 
Neon isotopic ratios of gases released by crushing or step-heating from a few 
Icelandic samples lie near the MORB trend. Although many of the neon isotopic ratios 
are quite close to the atmospheric composition, several of these analyses have very small 
uncertainties and suggest a MORB-like noble gas component may be present. Glass 
separates from three samples have neon isotopic ratios from individual step-heating or 
crushing extractions that lie near the MORB trend in the neon three-isotope plo(, with 
compositions that are distinct from the neon composition in the atmosphere by at least 
two sigma uncertainty (Fig. 5-9). These are: ice-18b (900°C) , ice-18g2 (700°C), -19a 
(900°C), and -32.2gl (1500°C). The remaining gas fractions released by step-heating or 
crushing (n = 6) of well-shielded samples are within two sigma of the atmospheric ratios. 
These near-atmospheric isotopic ratios probably reflect exchange of atmospheric neon 
with mantle-derived neon in the magma prior to or during eruption. 
ii) Partly shielded samples 
The eleven partly-shielded olivine samples are: ice-1, 2, 4, 10, 11, 12, 14, 16, 23, 
24 and 25. Of a total of 46 individual gas fractions, 28 gas fractions have gas 
concentrations that are above the blank and detection limits. Three gas fractions from 
ice-1 a, -1 b and -2.1 a lie on the air-solar mixing line within one sigma uncertainty. 
About one third of the gas fractions (n = 8 fractions) from the partly-shielded olivine 
samples lie near the MORB correlation line (Fig. 5-9). Gas fractions from one sample 
(ice-4) lies well below the MORB trend. Three gas fractions have neon isotopic 
compositions that lie on a trend that is intermediate between the L-K and the MORB 
trend. The remaining gas fractions (n = 13 fractions) are close to the atmospheric neon 
composition. 
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Figure 5-9. Neon three isotope plot, showing isotopic compositions of 
individual gas fractions from samples measured in this study. No total gas 
ratios are shown. The isotopic compositions of most of the well-shielded 
olivine samples lie close to the air-solar mixing line. The neon isotopic 
composition of eight gas fractions from partly-shielded olivine samples lie 
near the MORB correlation line. One partly-shielded sample has neon 
isotopic ratios below the MORB trend (ice-4). This sample is interpreted to 
have a relatively large component of cosmogenic 21 Ne in addition to mantle-
derived neon. Gas fractions released from glass separates lie within one sigma 
uncertainty of the MORB trend or the atmospheric ratio for all samples except 
for ice-9g, whose composition lies within one sigma uncertainty of the air-
solar mixing line. 
Total gas ratios 
i) Well-shielded samples 
As might be expected from the neon isotopic compositions in individual gas 
fractions described above, the neon isotopic compositions of the total gas released from 
each sample also show near-solar and MORB-like compositions (Fig. 5-10). The total 
gas ratios from five samples (ice-3 (-a, -b), -9 (-a, -b, -gl, -g2), -19 (-b), -30, and -34) 
lie close to the air-solar mixing trend within one sigma uncertainty, on a slope that is 
steeper than the L-K line and have 20Ne/22Ne ratios that are greater than the atmospheric 
ratio of 9.8 by more than two sigma uncertainty. This indicates that the Icelandic plume 
has a higher proportion of solar to nucleogenic neon than the Hawaiian plume. Total gas 
ratios from five samples, including glass separates from four samples (ice-18g2, (-g3), 
32.2gl, (-g2), -47, -54g and -55g) and olivine separates from two samples (ice-18b, -
19a) lie near the MORB trend and have 21Ne/22Ne ratios that differ from the 
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atmospheric ratio by more than one sigma uncertainty (Fig. 5-10). The remaining gas 
fractions are close to the neon isotopic composition in the atmosphere. These near-
atmospheric neon isotopic ratios probably reflect exchange of atmospheric neon with 
mantle-derived neon in the magma prior to or during eruption. The heterogeneous neon 
isotopic ratios, that include compositions near the air-solar mixing trend as well as near 
the MORB trend from well-shielded samples, may indicate that Icelandic basalts contain 
mixtures of noble gases from mantle end-members with different compositions. This 
will be discussed further in Chapter 6. The explanation for preservation of the neon 
isotopic ratios that lie on or near the air-solar mixing line will be the main focus of the 
discussion in Chapter 6. 
ii) Partly shielded samples 
The compositions of total gas ratios from partly shielded olivine samples from this 
study are also shown in Figure 5-10. Total gas ratios from two partly shielded samples 
lie on, or within one sigma uncertainty of the MORB correlation line (ice-JO and -14). 
Eight olivine separates from seven samples have compositions distinct from the 
atmospheric ratio and the MORB trend by more than one sigma uncertainty and lie 
within the triangular region bounded by the air-solar mixing line and the MORB trend 
(ice-lb, 2.la, 2.2a, (-2.2b), -11.1, -11.2 -12.1 and -16) (Fig. 5-10). The total gas ratio 
from one sample (ice-4) lies below the MORB trend. The neon composition of this 
sample is distinct from the MO RB trend within one sigma uncertainty. The remaining 
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Figure 5-10. Neon isotopic compositions of the total gas released from 
Icelandic olivine and glass separates from this study. Five samples (ice-3 (-a, -
b), -9 (-a, -b, -gl, -g2), -19 (-b), -30, and -34) have neon isotopic ratios that 
are within one sigma uncertainty of the air-solar mixing trend. Total gas 
ratios from five samples, including glass separates from four samples (ice-
18g2, (-g3), 32.2gl, (-g2), -47, -54g and -55g) and olivine separates from 
two samples (ice-18b, -19a) lie near the MORB trend and have 21 N e/22N e 
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Figure 5-11. Blow-up of Fig. 5-10, showing total gas ratios of neon released 
from olivine (open diamonds) and glass (filled circles) from this study. There 
are glass separates from four samples (ice-18g2, (-g3), 32.2gl, (-g2), -47, -
54g and-55g) and olivine separates from two samples (ice-18b, -19a) that lie 
near the MORB trend have neon isotopic ratios that are within one sigma 
uncertainty of the MORB correlation line and are distinct from the 
atmospheric ratio by more than one sigma uncertainty. 
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Comparison of neon results with previous neon measurements from Icelandic basalts 
The neon isotopic ratios from this study that lie near the air-solar mixing line have 
end-member compositions close to the solar ratio ( data extrapolated to a solar 20N e/22N e 
ratio of 13.8) that are more primitive than the results from previous studies of Icelandic 
basalts (Harrison et al., 1999; Trieloff et al., 2000). Previous analyses of samples from 
the Reykjanes Ridge have also shown neon isotopic compositions that lie on the air-solar 
mixing line within analytical uncertainty (Poreda and Radicati di Brozolo, 1984) (Fig. 5-
3). However, these primitive neon isotopic ratios were not discussed by the authors 
(Poreda and Radicati di Brozolo, 1984). Other neon isotopic ratios measured in gases 
released from glass samples in this study lie near the MORB correlation line and are less 
primitive than those measured in previous studies of Icelandic basalts. The MORB-like 
neon isotopic ratios from this study represent the least-primitive mantle neon isotopic 
compositions measured so far from Icelandic basalts. Obviously, these MORB-like 
neon isotopic ratios are similar in composition to neon isotopic ratios measured in 
MORB samples from the Reykjanes Ridge to the south of Iceland (Poreda and Radicati 
di Brozolo, 1984), and are not unexpected considering the MORB-like 3He/4He ratios 
(8.5 Ra) measured in previous studies along the neovolcanic zones in Iceland (Sano et al., 
1985). 
Argon 
In the previous sections, the helium and neon results from this study were divided 
into those from well-shielded and partly shielded samples. Contamination of mantle 
argon by cosmogenic argon can be neglected because the production rate of cosmogenic 
36Ar and 38Ar is only approximately 5% of the cosmogenic 3He production rate in Fe-
bearing samples (Lal, 1991) such as olivine, and the relative abundance of argon to 
helium is high. Hence, all the argon results are described together. However, in the plots 
showing the argon data, the data symbols distinguish the well-shielded samples from 
those that are partly shielded, as in the helium and neon plots in Figures 5-8 to 5-10. 
The concentration of 36Ar in the 17 olivine separates ranges from 4 x 10-12 to 2 x 
10-9 cm3STP/g (Table 5-1). The range in argon concentration in the 6 crushed glass 
separates is 1 x 10-10 to 7 x l0-9 cm3STP/g, and is higher, 3 x 10-9 to 11 x 10-9 
cm3STP/g, in the step-heated glasses (Fig. 5-12, Table 5-1). The highest 36Ar 
concentration from the Icelandic glasses (ice-9g) is 1 x 10-8 cm3STP/g. This sample 
also contains a higher concentration of 3He (up to 1.6 x 10-10 cm3STP/g) than the other 
Icelandic samples from this study (Table 5-1). 
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40 Ar/36 Ar ratios 
The highest 40 Ar/36 Ar ratios are typically found in samples with the lowest 36 Ar 
concentrations (Fig. 5-12) (with the exception of the glass separates from ice-9), 
probably because these samples have experienced the least amount of addition of, or 
exchange with, atmospheric Ar. The 40 Ar/36 Ar ratios from gases released by step-
heating olivine range from near-atmospheric (295) to as high as 1239 + 150 (ice-2c) 
(Fig. 5-12, Table 5-1). 
The 40 Ar/36 Ar isotopic ratios of the gases released from glass samples by step-
heating or crushing are close to the atmospheric ratio in most cases (ice-18g, -32g, -47g, 
-54g, -55g) (Table 5-1). In one sample, ice-9g, the 40Arf36Ar ratio of gas released by 
crushing (ice-9g2 = 942 + 3) is about two times higher than that released by step-heating 
(ice-9g 1 = 478 + 11) (Table 5-1). However, a second crushing experiment on a different 
glass aliquot (ice-9g3) produced a ratio similar to the lower 40Arf36Ar ratio (452 + 1). 
The 20Ne/22Ne ratios of samples ice-9gl and -9g2, are higher than in ice-9g3 (Table 5-
1), suggesting that the former two separates have lower relative concentrations of 
atmospheric neon, and that the range in 40 Ar/36 Ar ratios is caused by variable degrees of 
atmospheric contamination of the sample. The maximum 40Arf36Ar ratio (1044 + 268) 
in the olivine from the same sample (ice-9b) is similar to the maximum ratio in the host 
glass (942 + 3). The 40Arf36Ar ratios of the total gas released from the samples (Fig. 5-
12) have a similar but slightly lower range than the gas released by individual crushing or 
step-heating extractions. 
38 Ar/36 Ar ratios 
The 38 Arf36 Ar ratios of gas released by step-heating and crushing of Icelandic 
glass and olivine separates in this study have been analysed on both the Daly Multiplier 
and the Faraday (see Appendix 3). The 38Ar/36Ar results are not presented here owing 
to large uncertainties and interferences on masses 36 and 38. However, the majority of 
the 38 Arf36 Ar ratios are within two sigma uncertainty of the atmospheric ratio. The 
results are presented in Appendix 3. 
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Figure 5-12. 40Arl36Ar versus 36Ar (cm3STP) for: (1) individual gas 
fractions released by step-heating (open symbols) and (2) the total gas 
released ( solid symbols) in this study. The maximum 40 Ar/36 Ar ratio ( 1229 + 
150) is from a gas fraction released from a sample that also has the lowest 
36Ar concentration. The glass separates from sample ice-9 have both high 
36 Ar contents and relatively high 40 Ar/36 Ar ratios compared with other glass 
separates. Different degrees of atmospheric contamination may account for 
the variability in the observed 40 Ar/36 Ar ratios in ice-9g and other Icelandic 
samples. 
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\J T, oc 36 Ar cm3STP/g 40Ar/36Ar 84Kr cm3STP/g 781(rj84Kr 801(r/84Kr 821(rj84Kr 831(rj84Kr 861(rj84Kr ;::;-i ~ (1 x 10-l°) (1 X l0-12) 
'"'-1-
~ ice-3a, olivine, 3.384 g, Bur/ell i olfusi """l 
v-i 900 0.8 ± 0.1 299 ± 1 b.b. b.b. b.b. b.b. b.b. b.b. 1800 1 ± 0.1 381 ± 5 b.b. b.b. b.b. b.b. b.b. b.b. 1850 0.12 ± 0.05 325 ± 17 b.b. b.b. b.b. b.b. b.b. b.b. Total 2 ± 0.2 343 ± 4 b.b. b.b. b.b. b.b. b.b. b.b. ice-3b, olivine, 2. 786 g, Bur/ell i olfusi 
900 0.33 ± 0.03 317 ± 2 b.b. b.b. b.b. b.b. b.b. b.b. 1800 0.31 ± 0.03 607 ± 11 b.b. b.b. b.b. b.b. b.b. b.b. 1850 0.1 ± 0.01 300 ± 4 b.b. b.b. b.b. b.b. b.b. b.b. Total 0.73 ± 0.05 436 ± 10 b.b. b.b. b.b. b.b. b.b. b.b. ice-4, olivine, 3.181 g, Halejarbunga 
900 2.8 ± 0.3 299.3 ± 0.8 8.0 ± 0.8 0.0059 ± 0.0002 0.0391 ± 0.0005 0.202 ± 0.001 0.2002 ±0.0009 0.309 ±0.001 1800 1.6 ± 0.2 315 ± 2 b.c. b.c. b.c. \ b.c. b.c. b.c. 1850 0.2 ± 0.1 321 ± 16 b.c. b.c. b.c. b.c. b.c. b.c. Total 4.6 ± 0.4 306 ± 1 8.0 ± 0.8 0.0059 ± 0.0002 0.0390 ± 0.0005 0.202 ± 0.001 0.2003 ±0.0008 0.308 ±0.001 ~ ice-9a, olivine, 5.162 g, Mid/ell l'-,) 
900 4.6 ± 0.3 296.8 ± 0.7 b.b. b.b. b.b. b.b. b.b. b.b. +::,. 1800 5.7 ± 0.4 311.9 ± 0.7 b.b. b.b. b.b. b.b. b.b. b.b. Total 10.3 ± 0.5 305.1 ± 0.6 b.b. b.b. b.b. b.b. b.b. b.b. ice-9b, olivine, 5.160 g, Mid/ell 
900 0.08 ± 0.02 337 ± 10 b.b. b.b. b.b. b.b. b.b. b.b. 1800 0.05 ± 0.01 1044 ± 268 b.b. b.b. b.b. b.b. b.b. b.b. 1850 0.12 ± 0.02 309 ± 3 b.b. b.b. b.b. b.b, b.b. b.b. Total 0.25 ± 0.03 468 ± 66 b.b. b.b. b.b. b.b. b.b. b.b. ice-9c, olivine, 5.176 g, Mid/ell 
900 0.08 ± 0.01 330 ± 8 b.b. b.b. b.b. b.b. b.b. b.b. 1800 0.16 ± 0.01 545 ± 15 b.b. b.b. b.b. b.b. b.b. b.b. Total 0.24 ± 0.02 472 ± 12 b.b. b.b. b.b. b.b. b.b. b.b. ice-9d, olivine, 0. 70163 g, Mid/ell 
crush 0.72 ± 0.05 326 ± 2 b.c. b.c. b.c. b.c. b.c. b.c. ice-9gl, glass, 2.026 g, Mid/ell 
700 6.9 ± 0.5 298.2 ± 0.7 7.6 ± 0.2 0.059 ± 0.002 0.0390 ± 0.0005 0.197 ± 0.001 0.1996 ±0.0008 b.b. 1600 4.3 ± 0.3 769 ± 6 5.8 ± 0.2 0.0221 ± 0.0009 0.0386 ± 0.0003 0.200 ± 0.001 0.201 ±0.001 0.303 ±0.001 Total 11.2 ± 0.5 478 ± 11 13.4 ± 0.3 0.043 ± 0.001 0.0388 ± 0.0003 0.199 ± 0.001 0.2004 ±0.0007 0.303 ±0.001 
T .  6 c  
,  
3 6  
A r  c m
3
S T P / g  
4 0 A r / 3 6 A r  
8 4
K r  c m
3
S T P / g  
7 8 K r / 8 4 K r  
8 0 K r / 8 4 K r  
8 2 K r / 8 4 K r  
8 3 K r / 8 4 K r  
- - - 8 6 K r / 8 4  K r  
( 1  X  1 0 - l O )  
( 1  X  l 0 -
1 2
)  
i c e - 9 g 2 ,  g l a s s ,  0 . 5 8 5  g ,  M i d f e l l  
c r u s h  
3 3  
±  2  9 4 2  ±  3  5 2  
±  2  
0 . 0 0 6 4  ±  0 . 0 0 0 3  0 . 0 3 9 7  ±  0 . 0 0 0 5  0 . 2 0 2 9  ±  
0 . 0 0 0 7  0 . 2 0 2 8  ±  0 . 0 0 0 7  0 . 3 0 5  
± 0 . 0 0 1  
i c e - 9 g 3 ,  g l a s s ,  0 .  7 2 0  g ,  M i d f e l l  
c r u s h  
7 2  
±  5  
4 5 2  
±  
1  
1 0 8  
±  3  
0 . 0 1 5  ±  0 . 0 0 1  
0 . 0 3 9 6  ±  0 . 0 0 0 5  0 . 2 0 1 1  ±  0 . 0 0 0 7  0 . 2 0 1  
± 0 . 0 0 1  
0 . 3 0 5 9  ±  0 . 0 0 0 6  
i c e - 1 0 . 1 ,  o l i v i n e ,  4 . 6 6  g ,  M a e l i f e l l  
9 0 0  
0 . 2  
±  0 . 0 2  3 1 3  ±  3  1 . 6 5  
±  0 . 0 5  
6 . 4  
±  0 . 2  
0 . 0 3 9 6  ±  0 . 0 0 0 3  0 . 2 0 7  ±  0 . 0 0 1  
0 . 2 0 3 4  ±  0 . 0 0 0 7  0 . 3 0 5  
± 0 . 0 0 1  
1 8 0 0  
0 . 1 1  
±  0 . 0 1  
5 0 3  
±  
1 7  b . c .  
- -
b . c .  
- -
b . c .  
- -
b . c .  
- -
b . c .  
- - b . c .  
T o t a l  0 . 3 1  
±  0 . 0 2  
3 7 9  
±  
8  1 . 6 5  
±  0 . 0 5  
6 . 4  
±  0 . 2  
0 . 0 3 9 6  ±  0 . 0 0 0 3  0 . 2 0 7  ±  0 . 0 0 1  
0 . 2 0 3 4  ±  0 . 0 0 0 7  0 . 3 0 5  
± 0 . 0 0 1  
i c e - 1 0 . 2 ,  o l i v i n e ,  5 . 9 0 4  g ,  M a e l i f e l l  
9 0 0  0 . 3 1  
±  0 . 0 2  3 1 6  ±  
1  
1 . 4 5  
±  0 . 0 4  
2 . 4 9  
±  0 . 0 3  
0 . 0 3 9 9  ±  0 . 0 0 0 3  0 . 2 0 3 5  ±  0 . 0 0 0 9  0 . 2 0 2  
± 0 . 0 0 1  
0 . 3 0 4  
± 0 . 0 0 1  
1 8 0 0  0 . 1 7  
±  0 . 0 1  
4 2 2  
±  
4  
b . c .  
- -
b . c .  
-
b . c .  
- -
b . c .  
- - b . c .  
- - b . c .  
T o t a l  0 . 4 9  
±  0 . 0 2  3 5 4  
±  
3  
1 . 4 5  ±  0 . 0 4  
2 . 4 9  
±  0 . 0 3  
0 . 0 3 9 9  ±  0 . 0 0 0 3  0 . 2 0 3 5  ±  0 . 0 0 0 9  0 . 2 0 2  
± 0 . 0 0 1  0 . 3 0 4  
± 0 . 0 0 1  
~ 
" " I  
i c e - 1 1 . 1 ,  o l i v i n e ,  3 .  7 5 8  g ,  S a n d f e l l  ( H e n g i l l )  
~ 
- , : :  
. . . . .  
9 0 0  0 . 2 2  
±  0 . 0 2  
3 1 2  
±  
2  b . c .  - - b . c .  
- -
b . c .  
- - b . c .  - -
b . c .  
- -




1 8 0 0  0 . 2 7  ±  0 . 0 2  
3 9 9  
±  
3  
b . c .  
b . c .  b . c .  b . c .  
b . c .  
b . c .  
~ 
- -




T o t a l  0 . 4 9  ±  0 . 0 2  3 6 1  3  
b . c .  b . c .  b . c .  b . c .  
b . c .  










t v  
i c e - 1 1 . 2 ,  o l i v i n e ,  5 . 5 3 5  g ,  S a n d f e l l  ( H e n g i l l )  
~ 
U \  
~ 
9 0 0  b . b .  
- -
b . b .  
- -
b . b .  
- -
b . b .  
- -
b . b .  
- -
b . b .  
- -
b . b .  
- -




1 8 0 0  0 . 0 4  ±  0 . 0 1  1 0 4 0  ±  2 1 4  0 . 3 3  ±  0 . 0 1  
0 . 5 4  ±  0 . 0 3  0 . 0 4 1  ±  0 . 0 0 1  0 . 2 0 5  ±  0 . 0 0 2  
0 . 2 0 5  ± 0 . 0 0 2  
0 . 2 9 9  ± 0 . 0 0 3  
~ 
T o t a l  0 . 0 4  ±  0 . 0 1  1 0 4 0  ±  
2 1 4  0 . 3 3  
±  0 . 0 1  
0 . 5 4  
±  0 . 0 3  
0 . 0 4 1  ±  0 . 0 0 1  
0 . 2 0 5  ±  0 . 0 0 2  0 . 2 0 5  ± 0 . 0 0 2  
0 . 2 9 9  ± 0 . 0 0 3  
a  
~ 
i c e - 1 2 . 1 ,  o l i v i n e ,  3 . 0 6  g ,  A s a r  
. . . . . . .  
~ 
9 0 0  0 . 0 7  ±  0 . 0 1  
3 5 8  
±  
1 9  
0 . 3 4  ±  0 . 0 1  
0 . 6 9  ±  0 . 0 1  0 . 0 3 9 4  ±  0 . 0 0 0 2  0 . 2 0 3  ±  0 . 0 0 2  
0 . 2 0 3  ± 0 . 0 0 2  
0 . 3 0 7  ± 0 . 0 0 3  
~ 
1 8 0 0  1 . 0 6  ±  0 . 0 7  3 5 7  ±  
1  b . c .  
- -
b . c .  
- -
b . c .  
- -
b . c .  
- -
b . c .  
- -
b . c .  
- -
~ 
T o t a l  
1 . 1 2  
±  0 . 0 7  
3 5 7  
±  
2  0 . 3 4  ±  0 . 0 1  0 . 6 9  ±  0 . 0 1  
0 . 0 3 9 4  ±  0 . 0 0 0 2  0 . 2 0 3  ±  0 . 0 0 2  
0 . 2 0 3  
± 0 . 0 0 2  
0 . 3 0 7  ± 0 . 0 0 3  
" " I  
~ 
~ 
i c e - 1 2 . 2 ,  o l i v i n e ,  5 . 1 0 3  g ,  A s a r  
~ 
. . . . . . .  
9 0 0  0 . 9 4  ±  0 . 0 6  
3 0 6  
±  
1  3 . 8  ±  0 . 1  
1 . 3 3  
±  0 . 0 2  
0 . 0 3 9 5  ±  0 . 0 0 0 2  0 . 2 0 2  ±  0 . 0 0 1  
0 . 2 0 0 6  ±  0 . 0 0 0 6  0 . 3 0 5  ± 0 . 0 0 1  
~ 
1 8 0 0  0 . 4 9  ±  0 . 0 3  4 9 9  ±  
3  1 . 1 0  ±  0 . 0 3  0 . 3 2 4  ±  0 . 0 0 7  
0 . 0 4 0 1  ±  0 . 0 0 0 4  0 . 2 0 1  ±  0 . 0 0 1  0 . 1 9 9 8  ± 0 . 0 0 0 7  0 . 3 0 4  ± 0 . 0 0 2  
c : 1  
T o t a l  1 . 4 3  ±  0 . 0 7  
3 7 3  
±  
4  4 . 9  ±  0 . 1  
1 . 1 0  
±  0 . 0 2  
0 . 0 3 9 6  ±  0 . 0 0 0 2  0 . 2 0 2  ±  0 . 0 0 1  0 . 2 0 0 5  ±  0 . 0 0 0 5  0 . 3 0 4 5  ±  0 . 0 0 0 9  
~ 
i c e - 1 4 ,  o l i v i n e ,  3 . 0 8 7  g ,  B u r f e l l  i  o l f u s i  
~ 
9 0 0  
b . c .  b . c .  
b . c .  b . c .  b . c .  





- - - -
- -
- - - -
. . . . . . .  
~ 
1 8 0 0  0 . 5 7  ±  0 . 0 4  4 3 9  
±  5  
b . c .  - - b . c .  
- -
b . c .  
- -
b . c .  - - b . c .  - - b . c .  
- -
~ 
T o t a l  
0 . 5 7  ±  0 . 0 4  4 3 9  
b . c .  b . c .  




. . . . .  
- -
- - - - - -
- - - -





. . . . . . .  
~ 
0 T, oc 36 Ar cm3STP/g 40Af/36Ar 84Kr cm3STP/g 78Kr/84Kr 801(r/84Kr 821(r/84Kr 831(r/84Kr 86Kr/84Kr ;::s-, ~ (1 x 10-l0) (1 X l0-12) 
-~ 
---: ice-16, olivine, 5.388 g, Edlborg 
V) 900 0.22 ± 0.02 385 ± 4 1.28 ± 0.04 0.81 ± 0.03 0.0386 ± 0.0004 0.201 ± 0.001 0.2002 ± 0.0009 0.306 ± 0.003 1800 0.31 ± 0.02 915 ± 19 b.b. b.b. b.b. b.b. b.b. b.b. Total 0.53 ± 0.03 692 ± 17 1.28 ± 0.04 0.81 ± 0.03 0.0386 ± 0.0004 0.201 ± 0.001 0.2002 ± 0.0009 0.306 ± 0.003 ice-18b, olivine, 3.649 g, Stapafell 
900 0.34 ± 0.02 320 ± 1 2.01 ± 0.06 1.29 ± 0.02 0.0399 ± 0.0003 0.202 ± 0.001 0.202 ± 0.001 0.305 ± 0.001 1800 0.113 ± 0.01 487 ± 11 b.c. b.c. b.c. b.c. b.c. b.c. Total 0.45 ± 0.02 362 ± 4 2.01 ± 0.06 1.29 ± 0.02 0.0399 ± 0.0003 0.202 ± 0.001 0.202 ± 0.001 0.305 ± 0.001 ice-18g2, glass, 3. 704 g, Stapafell 
700 0.53 ± 0.04 300 ± 0.7 3.6 ± 0.1 1.14 ± 0.04 0.0396 ± 0.0004 0.2027 ± 0.0009 0.2008 ± 0.0007 0.305 ± 0.001 1500 2.5 ± 0.2 306.9 ± 0.7 3.05 ± 0.09 0.53 ± 0.02 0.0396 ± 0.0003 0.2019 ± 0.0007 0.2026 ± 0.0008 0.304 ± 0.001 Total 3 ± 0.2 305.7 ± 0.6 6.7 ± 0.1 0.86 ± 0.02 0.0396 ± 0.0002 0.2024 ± 0.0006 0.2016 ± 0.0005 0.3044 ± 0.0008 ice-18g3, glass, 0.983 g, Stapfell 
crush 2.8 ± 0.2 301.1 ± 0.9 b.c. b.c. b.c. b.c. b.c. b.c. 
~ ice-19a, olivine, 5.341 g, Sulur 
t0 900 0.59 ± 0.04 316 ± 1 15.9 ± 0.5 0.293 ± 0.008 0.0396 ± 0.0002 0.2013 ± 0.0005 0.2010 ± 0.0005 0.305 ± 0.001 O'\ 1800 14.1 ± 0.9 295 ± 1 b.c. 0.303 ± 0.006 b.c. 0.208 ± 0.002 0.204 ± 0.001 0.307 ± 0.001 Total 14.7 ± 0.9 296 ± 1 15.9 ± 0.5 0.293 ± 0.008 0.0396 ± 0.0002 0.2016 ± 0.0005 0.2011 ± 0.0005 0.3047 ± 0.0009 ice-19b, olivine, 5.1531 g, Sulur 
900 b.c. b.c. b.c. b.c. b.c. b.c. b.c. b.c. 1800 b.c. b.c. b.c. b.c. b.c. b.c. b.c. b.c. Total b.c. b.c. b.c. b.c. b.c. b.c. b.c. b.c. ice-23a, olivine, 5. 06 g, Haleyjarbunga 
900 b.b. b.b. 1.1 ± 0.04 0.104 ± 0.003 0.0388 ± 0.0005 0.200 ± 0.001 0.200 ± 0.001 0.306 ± 0.002 1800 0.21 ± 0.01 303 ± 1 b.b. b.b. b.b. b.b. b.b. b.b. Total 0.21 ± 0.01 303 ± 1 1.1 ± 0.04 0.104 ± 0.003 0.0388 ± 0.0005 0.200 ± 0.001 0.200 ± 0.001 0.306 ± 0.002 ice-24, olivine, 2.847 g, Hraunsvik/Hrolfsvik 
900 0.13 ± 0.02 320 ± 4 b.c. b.c. b.c. b.c. b.c. b.c. 1800 0.36 ± 0.03 378 ± 4 b.c. b.c. b.c. b.c. b.c. b.c. Total 0.49 ± 0.03 363 ± 3 b.c. b.c. b.c. b.c. b.c. b.c. 
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Chavter 5 
Comparison of 40 Ar/36 Ar results with previous argon measurements from Icelandic 
basalts 
The maximum 40 Ar/36 Ar ratios measured in this study, 1667 + 365 in olivine 
(individual gas extracted by step-heating) and 942 + 3 in glass (crushed) are lower than 
the maximum measured ratios in previous studies (2200 + 200, Burnard et al. (1994) and 
6501 + 311, Harrison et al. (1999), 4350 + 93, Trieloff et al. (2000)). These large 
variations in 40 Ar/36 Ar isotopic ratios may originate in part from heterogeneous 
40 Ar/36 Ar ratios in the magmatic sources of Icelandic basalts. Such heterogeneity could 
arise from different magmatic components within the Icelandic plume, as well as from the 
likely addition of atmospheric argon. These possible explanations will be discussed in 
Chapter 6. 
Krypton 
Krypton abundances in glass samples range from 84Kr = 7 x 10-12 to 1 x 10·10 
cm3STP/g (Table 5-3). Krypton abundances in olivine separates range from 3 x 10·13 to 
2 x 10-11 cm3STP/g. Krypton isotopic ratios are shown in a delta (D) plot, which 
expresses the measured ratios in terms of fractional deviations from the atmospheric 
ratios, where delta is defined as D(iKr) = eKr/84KrMEASURED - iKr/84KrAIR)/(iKr/84KrAIR) 
(note that "D" used here to represent delta is not to be confused with the diffusion 
coefficient "D" in Chapter 2). The krypton isotopic ratios from Icelandic samples 
measured in this study (Fig. 5-13) are within one sigma uncertainty of the atmospheric 
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Figure 5-13. Krypton delta plot, showing measured total gas isotopic ratios 
from Icelandic basalts. Uncertainties have been omitted for clarity, but all 
isotopic ratios are within one sigma uncertainty of the krypton atmospheric 
ratios (green diamonds = well-shielded olivine; blue dots = glass, red 
diamonds = partly shielded olivine). 
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Previous and new noble gas results from Icelandic basalts 
Xenon 
Xenon concentrations in the olivine separates in this study range from 130Xe = 
1.3 x 10-14 cm3STP/g to 45 x 10-14 cm3STP/g (Table 5-3). Those in the glass separates 
range from 8.3 x 10-14 cm3STP/g to 50 x 10-14 cm3STP/g. Several olivine and glass 
separates (7 olivine separates and 7 glass separates) are not reported because they have 
absolute xenon abundances that are below the detection limit of the mass spectrometer (2 
x 10-14 cm3STP, see Appendix 2, methods). The reported xenon concentrations have 
been corrected for the xenon blank and are not below the detection limit. 
Like the krypton isotopic ratios, the xenon isotopic ratios are shown as fractional 
deviations from the atmospheric ratio in a delta plot, where delta is here defined as: 
D(Xe) = (Xe/130x~AsURED - iXe/130xeAIR)/(Xe/130xeAIR). 
The xenon isotopic ratios of most of the Icelandic samples are similar to the ratios in the 
atmosphere (Fig. 5-14). Only one sample (ice-9g2) has 129Xe/130Xe and 136Xe/130Xe 
ratios that are significantly different from the atmospheric ratios within one sigma 
uncertainty (Fig. 5-15). This sample also has neon isotopic ratios that lie on the air-solar 
mixing line within one sigma uncertainty. The 129Xe/130Xe and l36Xe/130Xe ratios from 
this study lie on the same trend as that defined by MORE samples with elevated ratios 
compared with the atmospheric ratio (Fig. 5-16). 
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Figure 5-14. Xenon delta plot, where delta is DCXe) = CXe/130Xe.MEASURED -
iXe/130Xe.@,YCXe/130XemJ, showing deviations of measured total gas isotopic 
ratios from the xenon atmospheric composition. All samples lie within one 
sigma uncertainty of the atmospheric ratio (uncertainties omitted for clarity) 
with the exception of ice-9g, which is shown in a separate plot below (green 
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Figure 5-15. Xenon delta plot for glass separates ice-9gl and -9g2. lce-9gl 
is the only Icelandic that has xenon isotopic ratios that are significantly 
different from the atmospheric ratios within one sigma uncertainty. This 
sample shows elevated 129Xe/130Xe and 136xe/130Xe that are about 2% 
higher than the atmospheric ratios. The ratios are higher in ice-9gl (a step-
heated glass separate) than in ice-9g2 (crushed glass). This sample also has 





















Figure 5-16. Xenon delta plot, showing D( 129Xe) versus D( 136Xe) plot for 
glass separates ice-9gl and -9g2. The xenon isotopic compositions of these 
glass separates have large uncertainties, but appear to lie on the same trend as 
xenon isotopic compositions from MORB basalts. 
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Table 5-3. Iceland xenon data 
T, °C 130xe 124-xe/ 130xe 126xe/130xe 128xe/130xe 129xe/130xe 13txe/130xe 132xe/130Xe 134xe/130xe 136xe/130xe 
cm3STP/g 
(1 X l0-14) 
ice-la, olivine, 5.029g, Mid/ell 
900 6.0 ± 0.3 0.029 ± 0.003 0.024 ± 0.003 0.470 ± 0.008 6.36 ± 0.09 5.12 ± 0.06 6.6 ± 0.1 2.52 ± 0.04 2.14 ± 0.03 
1800 b.c. -- b.c. -- b.c. -- b.c. -- b.c. -- b.c. - b.c. -- b.c. -- b.c. 
Total 6.0 ± 0.3 0.029 ± 0.003 0.024 ± 0.003 0.470 ± 0.008 6.36 ± 0.09 5.12 ± 0.06 6.6 ± 0.1 2.52 ± 0.04 2.14 ± 0.03 
ice-lb, olivine, 6.638 g, Mid/ell 
900 43 ± 2 0.024 ± 0.001 0.022 ± 0.002 0.466 ± 0.006 6.49 ± 0.06 5.21 ± 0.05 6.63 ± 0.06 2.57 ± 0.03 2.18 ± 0.02 
1800 2.4 ± 0.1 0.031 ± 0.003 0.022 ± 0.004 0.46 ± 0.02 6.49 ± 0.08 5.36 ± 0.08 6.65 ± 0.08 2.57 ± 0.04 2.26 ± 0.05 
1850 b.b. -- b.b. -- b.b. -- b.b. -- b.b. -- b.b. -- b.b. -- b.b. -- b.b. 
Total 45 ± 2 0.025 ± 0.001 0.023 ± 0.010 0.465 ± 0.006 6.49 ± 0.07 5.22 ± 0.05 6.63 ± 0.06 2.57 ± 0.03 2.18 ± 0.02 
ice-2.la, olivine, 4.309 g, Sand/ell (Hengill) 
""ti 
900 15.9 ± 0.7 0.023 ± 0.001 0.022 ± 0.002 0.480 ± 0.008 6.58 ± 0.07 5.26 ± 0.05 6.66 ± 0.06 2.57 ± 0.03 2.17 ± 0.03 '--: ~ 
1800 b.c. -- b.c. -- b.c. -- b.c. -- b.c. -- b.c. -- b.c. -- b.c. -- b.c. -- ,,::: ..... 
1850 b.b. -- b.b. -- b.b. -- b.b. - b.b. -- b.b. -- b.b. -- b.b. b.b. c:::, -- -- ~ 
Total 15.9 ± 0.7 0.022 ± 0.002 0.023 ± 0.002 0.480 ± 0.008 6.58 ± 0.07 5.26 ± 0.05 6.66 ± 0.06 2.57 ± 0.03 2.17 ± 0.03 ~ 
ice-2.2a, olivine, 6.162 g, Sand/ell (Hengill) $::'i r--"' ~ 
l>} 400 b.b. - b.b. -- b.b. -- b.b. -- b.b. -- b.b. -- b.b. -- b.b. -- b.b. -- $::'i.. 
r--"' 
26 ± 0.002 0.466 ± 0.006 6.44 ~ 700 ± 1 0.024 ± 0.001 0.024 ± 0.07 5.17 ± 0.06 6.58 ± 0.07 2.56 ± 0.03 2.15 ± 0.02 ~ 
900 b.c. -- b.c. -- b.c. -- b.c. -- b.c. -- b.c. -- b.c. - b.c. -- b.c. -- ~ 
1350 3.5 ± 0.3 0.033 ± 0.008 0.025 ± 0.003 0.49 ± 0.01 6.5 ± 0.1 5.12 ± 0.09 6.6 ± 0.1 2.56 ± 0.05 2.18 ± 0.04 ~ c:::, 
1800 2.0 ± 0.2 0.027 ± 0.006 0.018 ± 0.005 0.46 ± 0.01 6.4 ± 0.2 5.2 ± 0.1 6.5 ± 0.2 2.54 ± 0.07 2.15 ± 0.06 ~ ._ 
1850 b.b. -- b.b. -- b.b. -- b.b. -- b.b. b.b. b.b. b.b. b.b. ~ -- -- -- --
1900 b.b. -- b.b. -- b.b. -- b.b. -- b.b. -- b.b. -- b.b. -- b.b. -- b.b. -- $::'i 
Total 31 ± 1 0.026 ± 0.002 0.024 ± 0.002 0.468 ± 0.005 6.45 ± 0.06 5.16 ± 0.05 6.57 ± 0.06 2.56 ± 0.02 2.15 ± 0.02 ~ 
ice-2.2b, olivine, 6.190 g, Sand/ell (Hengill) '--: ~ ~ 
400 b.c. -- b.c. -- b.b. -- b.c. -- b.c. -- b.c. -- b.c. - b.c. -- b.c. -- ~ ._ 
800 b.b. -- b.b. -- b.b. -- b.b. -- b.b. -- b.b. -- b.b. -- b.b. -- b.b. -- ~ 
870 b.c. -- b.c. -- b.b. -- b.c. - b.c. -- b.c. -- b.c. -- b.c. -- b.c. -- '--: 
1280 b.b. b.b. b.b. b.b. b.b. b.b. b.b. b.b. b.b. c:::, -- -- -- -- -- -- -- -- -- ~ 
1800 b.b. -- b.b. -- b.b. -- b.b. - b.b. -- b.b. -- b.b. -- b.b. -- b.b. -- ~ 1850 b.b. -- b.b. -- b.b. -- b.b. -- b.b. -- b.b. -- b.b. -- b.b. -- b.b. -- ~ 
Total b.b. b.b. b.b. b.b. b.b. b.b. b.b. b.b. b.b. 
....... 
-- -- --













\) T, °C 130:x:e 124xe/130xe 126xe/130xe 128xe/130xe 129xe/130xe 131 Xe/ 130xe 132xe/130xe 134xe/130xe 136xe/130xe ~ ~ cm3STP/g 
-~ (1 X l0-14) 
"'-: 
ice-3a, olivine, 3.384 g, Burfell i olfusi vi 
900 b.c. b.c. b.c. b.c. b.c. b.c. b.c. b.c. b.c. 1800 7.2 ± 0.3 0.026 ± 0.003 0.031 ± 0.006 0.475 ± 0.008 6.58 ± 0.09 5.21 ± 0.07 6.61 ± 0.08 2.58 ± 0.03 2.22 ± 0.03 1850 b.c. b.c. b.c. b.c. b.c. b.c. b.c. b.c. b.c. Total 7.2 ± 0.3 0.026 ± 0.003 0.031 ± 0.006 0.475 ± 0.008 6.58 ± 0.09 5.21 ± 0.07 6.61 ± 0.08 2.58 ± 0.03 2.22 ± 0.03 ice-3b, olivine, 2. 786 g, Bur/ell i olfusi 
900 b.c. b.c. b.c. b.c. b.c. b.c. b.c. b.c. b.c. 1800 b.c. b.c. b.c. b.c. b.c. b.c. b.c. b.c. b.c. 1850 b.c. b.c. b.c. b.c. b.c. b.c. b.c. b.c. b.c. Total b.c. b.c. b.c. b.c. b.c. b.c. b.c. b.c. b.c. ice-4, olivine, 3.181 g, Ha/,ejarbunga 
900 14.8 ± 0.7 0.024 ± 0.002 0.026 ± 0.002 0.47 ± 0.01 6.49 ± 0.07 5.19 ± 0.06 6.59 ± 0.07 2.54 ± 0.03 2.17 ± 0.02 1800 b.b. b.b. b.b. b.b. b.b. b.b. b.b. b.b. b.b. 1850 b.b. b.b. b.b. b.b. b.b. b.b. b.b. b.b. b.b. Total 14.8 ± 0.7 0.024 ± 0.002 0.026 ± 0.002 0.47 ± 0.01 6.49 ± 0.07 5.19 ± 0.06 6.59 ± 0.07 2.54 ± 0.03 2.17 ± 0.02 
I---' ice-9a, olivine, 5.162 g, Mid/ell 
w 900 2.5 ± 0.2 0.026 ± 0.004 0.032 ± 0.007 0.48 ± 0.01 6.6 ± · 0.1 5.26 ± 0.08 6.62 ± 0.09 2.57 ± 0.04 2.15 ± 0.04 N 1800 b.c. b.c. b.c. b.c. b.c. b.c. b.c. b.c. b.c. Total 2.5 ± 0.2 0.026 ± 0.004 0.032 ± 0.007 0.48 ± 0.01 6.6 ± 0.1 5.26 ± 0.08 6.62 ± 0.09 2.57 ± 0.04 2.15 ± 0.04 ice-9b, olivine, 5.160 g, Mid/ell 
900 1.3 ± 0.1 0.033 ± 0.007 b.b. 0.47 ± 0.01 6.4 ± 0.1 5.2 ± 0.1 6.6 ± 0.1 2.55 ± 0.06 2.09 ± 0.05 1800 b.c. b.c. b.c. b.c. b.c. b.c. b.c. b.c. b.c. 1850 b.b. b.b. b.b. b.b. b.b. b.b. b.b. b.b. b.b. Total 1.3 ± 0.1 0.033 ± 0.007 b.b. 0.47 ± 0.01 6.4 ± 0.1 5.2 ± 0.1 6.6 ± 0.1 2.55 ± 0.06 2.09 ± 0.05 ice-9c, olivine, 5.176 g, Mid/ell 
900 b.c. b.c. b.c. b.c. b.c. b.c. b.c. b.c. b.c. 1800 b.c. b.c. b.c. b.c. b.c. b.c. b.c. b.c. b.c. Total b.c. b.c. b.c. b.c. b.c. b.c. b.c. b.c. b.c. ice-9d, olivine, 0.70163 g, Mid/ell 
crush b.c. . b.c. b.c. b.c. b.c. b.c. b.c. b.c. b.c. ice-9gl, glass, 2.026 g, Mid/ell 
700 17.3 ± 0.5 0.025 ± 0.001 0.022 ± 0.001 0.476 ± 0.007 6.55 ± 0.07 5.24 ± 0.05 6.62 ± 0.05 2.55 ± 0.02 2.18 ± 0.03 1600 6.5 ± 0.2 0.020 ± 0.004 0.021 ± 0.002 0.475 ± 0.008 6.59 ± 0.08 5.30 ± 0.06 6.60 ± 0.06 2.58 ± 0.03 2.20 ± 0.03 Total 23.7 ± 0.6 0.024 ± 0.001 0.022 ± 0.001 0.476 ± 0.005 6.56 ± 0.05 5.26 ± 0.04 6.61 ± 0.04 2.56 ± 0.02 2.19 ± 0.02 
T, °C 130.Xe 124xe/130xe 126xe/ 130.Xe 128xe/130xe 129xe/ 130.Xe 131Xe/130xe 132xe/ 130xe 134xe/130xe 136xe/ BO.Xe 
cm3STP/g 
(1 X l0-14) 
ice-9g2, glass, 0.585 g, Mid/ell 
crush 26.8 ± 0.9 0.036 ± 0.004 0.032 ± 0.008 0.49 ± 0.01 6.67 ± 0.09 5.22 ± 0.06 6.62 ± 0.08 2.57 ± 0.04 2.22 ± 0.03 
ice-9g3, glass, 0. 720 g, Mid/ell 
crush 50 ± 2 0.025 ± 0.001 0.025 ± 0.002 0.471 ± 0.005 6.63 ± 0.07 5.22 ± 0.05 6.61 ± 0.06 2.56 ± 0.03 2.17 ± 0.02 
ice-JO.I, olivine, 4.66 g, Maelifell 
900 8.6 ± 0.3 0.022 ± 0.002 0.020 ± 0.002 0.469 ± 0.007 6.47 ± 0.07 5.23 ± 0.04 6.62 ± 0.05 2.55 ± 0.02 2.16 ± 0.02 
1800 b.c. -- b.c. -- b.c. -- b.c. -- b.c. -- b.c. -- b.c. -- b.c. -- b.c. 
Total 8.6 ± 0.3 0.022 ± 0.002 0.020 ± 0.002 0.469 ± 0.007 6.47 ± 0.07 5.23 ± 0.04 6.62 ± 0.05 2.55 ± 0.02 2.16 ± 0.02 
ice-10.2, olivine, 5.904 g, Maelifell 
900 6.3 ± 0.2 0.024 ± 0.002 0.021 ± 0.001 0.468 ± 0.006 6.48 ± 0.06 5.24 ± 0.04 6.59 ± 0.04 2.55 ± 0.02 2.16 ± 0.02 
1800 3.9 ± 0.1 0.021 ± 0.002 0.019 ± 0.001 0.472 ± 0.007 6.48 ± 0.06 5.19 ± 0.04 6.56 ± 0.05 2.53 ± 0.02 2.15 ± 0.02 ~ Total 10.2 ± 0.2 0.023 ± 0.001 0.020 ± 0.001 0.469 ± 0.004 6.48 ± 0.04 5.22 ± 0.03 6.58 ± 0.03 2.54 ± 0.01 2.16 ± 0.02 ---: 
ice-11.1, olivine, 3. 758 g, Sand/ell (Hengill) n::i -.:: .,.._ 
900 7.8 ± 0.3 0.013 ± 0.004 0.010 ± 0.005 0.48 ± 0.01 6.64 ± 0.09 5.41 ± 0.07 6.74 ± 0.08 2.57 ± 0.03 2.18 ± 0.03 c::i ~ 
1800 b.c. -- b.c. -- b.c. -- b.c. -- b.c. -- b.c. -- b.c. -- b.c. - b.c. -- c..:i 
Total 8.2 ± 0.3 0.013 ± 0.004 0.010 ± 0.005 0.48 ± 0.01 6.64 ± 0.09 5.41 ± 0.07 6.74 ± 0.08 2.57 ± 0.03 2.18 ± 0.03 ~ 
I--- ~ 
VJ ice-11.2, olivine, 5.535 g, Sand/ell (Hengill) ~ 
VJ 900 b.c. b.c. b.c. b.c. b.c. b.c. b.c. b.c. b.c. ~ -- - -- -- -- -- -- -- -- n::i 
1800 b.c. -- b.c. -- b.c. -- b.c. -- b.c. -- b.c. -- b.c. -- b.c. -- b.c. -- ~ 
Total b.c. -- b.c. -- b.c. -- b.c. - b.c. -- b.c. -- b.c. -- b.c. -- b.c. -- ~ 




900 b.c. -- b.c. -- b.c. -- b.c. -- b.c. -- b.c. -- b.c. -- b.c. -- b.c. -- n::i 
1800 b.c. -- b.c. -- b.c. -- b.c. -- b.c. -- b.c. -- b.c. -- b.c. -- b.c. -- ~ 
Total b.c. -- b.c. -- b.c. -- b.c. -- b.c. -- b.c. - b.c. -- b.c. -- b.c. -- c..:i 
ice-12.2, olivine, 5.103 g, Asar ---: n::i 
c..:i 
900 29.7 ± 0.9 0.023 ± 0.001 0.0225 ± 0.0005 0.472 ± 0.006 6.51 ± 0.06 5.23 ± 0.04 6.64 ± 0.04 2.57 ± 0.02 2.19 ± 0.02 ~ ..._ 
1800 3.8 ± 0.2 0.022 ± 0.001 0.020 ± 0.002 0.461 ± 0.010 6.52 ± 0.08 5.23 ± 0.06 6.63 ± 0.06 2.55 ± 0.03 2.15 ± 0.03 c:;-
Total 33.5 ± 0.9 0.023 ± 0.001 0.0223 ± 0.0005 0.471 ± 0.005 6.51 ± 0.05 5.23 ± 0.03 6.64 ± 0.04 2.57 ± 0.02 2.18 ± 0.02 d ice-14, olivine, 3.087 g, Bur/ell i olfusi ~ 900 b.b. -- b.b. -- b.b. -- b.b. -- b.b. -- b.b. -- b.b. -- b.b. -- b.b. --
1800 b.b. -- b.b. -- b.b. -- b.b. -- b.b. -- b.b. -- b.b. -- b.b. -- b.b. -- ~ n::i 
Total b.b. b.b. b.b. b.b. b.b. b.b. b.b. b.b. b.b. 
..._ 










\] T, °C 130Jce 124xe/130xe 126xe/130Jce 128xe/130xe 129xe/130xe 131 Xe/ 130xe 132xe/130xe 134xe/130xe 136xe/130xe ~ ~ cm3STP/g 
-~ (1 X }0-14) 
'""'i 
V) ice-16, olivine, 5.388 g, Edlborg 
900 26.1 ± 0.8 0.023 ± 0.001 0.0223 ± 0.0006 0.479 ± 0.006 6.53 ± 0.06 5.25 ± 0.04 6.63 ± 0.04 2.57 ± 0.02 2.18 ± 0.02 1800 2.8 ± 0.1 0.018 ± 0.003 0.019 ± 0.003 0.470 ± 0.007 6.51 ± 0.08 5.22 ± 0.06 6.62 ± 0.06 2.57 ± 0.03 2.19 ± 0.03 Total 28.9 ± 0.8 0.023 ± 0.001 0.0220 ± 0.0006 0.478 ± 0.005 6.52 ± 0.05 5.24 ± 0.03 6.63 ± 0.04 2.57 ± 0.02 2.18 ± 0.02 ice-1 Bb, olivine, 3. 649 g, Stapafell 
900 16.0 ± 0.5 0.022 ± 0.001 0.021 ± 0.466 ± 0.006 6.49 ± 0.07 5.22 ± 0.05 6.60 ± 0.05 2.56 ± 0.02 2.17 ± 0.02 1800 0.8 ± 0.1 b.b. b.b. 0.45 ± 0.02 6.4 ± 0.2 5.4 ± 0.2 6.6 ± 0.1 2.57 ± 0.09 2.13 ± 0.07 Total 16.8 ± 0.5 0.022 ± 0.001 0.021 ± 0.001 0.465 ± 0.006 6.49 ± 0.06 5.22 ± 0.04 6.60 ± 0.05 2.56 ± 0.02 2.16 ± 0.02 ice-18g2, glass, 3. 704 g, Stapafell 
700 4.2 ± 0.1 0.019 ± 0.002 0.019 ± 0.003 0.476 ± 0.008 6.58 ± 0.08 5.32 ± 0.06 6.69 ± 0.06 2.58 ± 0.03 2.17 ± 0.03 1500 4.2 ± 0.1 0.022 ± 0.003 b.b. 0.466 ± 0.008 6.24 ± 0.08 5.22 ± 0.05 6.61 ± 0.06 2.55 ± 0.03 2.16 ± 0.03 Total 8.3 ± 0.2 0.021 ± 0.002 0.019 ± 0.003 0.471 ± 0.006 6.41 ± 0.06 5.27 ± 0.04 6.65 ± 0.04 2.57 ± 0.02 2.17 ± 0.02 ice-18g3, glass, 0.983 g, Stapfell 
crush b.c. b.c. b.c. b.c. b.c. b.c. b.c. b.c. b.c. ice-19a, olivine, 5.341 g, Sulur 
~ 900 72 ± 2 0.024 ± 0.001 0.0222 ± 0.0005 0.476 ± 0.006 6.55 ± 0.06 5.26 ± 0.04 6.66 ± 0.04 2.57 ± 0.02 2.18 ± 0.02 VJ 1800 59 ± 2 0.024 ± 0.001 0.0223 ± 0.0005 0.470 ± 0.005 6.48 ± 0.06 5.22 ± 0.04 6.62 ± 0.04 2.57 ± 0.02 2.19 ± 0.02 ~ Total 130 ± 3 0.0242 ± 0.0007 0.0222 ± 0.0003 0.473 ± 0.004 6.51 ± 0.04 5.24 ± 0.03 6.64 ± 0.03 2.57 ± 0.01 2.18 ± 0.01 ice-19b, olivine, 5.1531 g, Sulur 
900 4.7 ± 0.2 b.c. b.c. b.c. b.c. b.c. b.c. b.c. b.c. 1800 b.c. b.c. b.c. b.c. b.c. b.c. b.c. b.c. b.c. Total 4.7 ± 0.2 b.c. b.c. b.c. b.c. b.c. b.c. b.c. b.c. ice-23a, olivine, 5.06 g, Haleyjarbunga 
900 8.5 ± 0.3 0.023 ± 0.002 0.0210 ± 0.0014 0.476 ± 0.006 6.57 ± 0.065 5.28 ± 0.05 6.64 ± 0.05 2.55 ± 0.02 2.17 ± 0.03 1800 0.59 ± 0.06 b.b. b.b. b.b. b.b. b.b. b.b. b.b. b.b. Total 9.1 ± 0.3 0.023 ± 0.002 0.0210 ± 0.0014 0.476 ± 0.006 6.57 ± 0.065 5.28 ± 0.05 6.64 ± 0.05 2.55 ± 0.02 2.17 ± 0.03 ice-24, olivine, 2.847 g, Hraunsvik/Hrolfsvik 
900 1.13 ± 0.08 b.b. b.b. 0.48 ± 0.02 6.7 ± 0.3 5.0 ± 0.2 6.8 ± 0.3 2.7 ± 0.1 2.33 ± 0.10 1800 0.88 ± 0.07 b.b. b.b. 0.54 ± 0.04 7.4 ± 0.5 6.0 ± 0.4 7.5 ± 0.5 2.9 ± 0.2 2.5 ± 0.2 Total 2.0 ± 0.1 
-b.b. b.b. 0.51 ± 0.02 7.0 ± 0.3 5.4 ± 0.2 7.1 ± 0.3 2.8 ± 0.1 2.39 ± 0.09 ice-25, olivine, 4.912, g, Bleikholl 
900 13.0 ± 0.4 0.020 ± 0.001 0.021 ± 0.001 0.473 ± 0.006 6.53 ± 0.07 5.30 ± 0.05 6.66 ± 0.05 2.56 ± 0.02 2.20 ± 0.03 1800 2.17 ± 0.08 0.028 ± 0.004 0.023 ± 0.003 0.48 ± 0.01 6.42 ± 0.10 5.20 ± 0.08 6.55 ± 0.08 2.52 ± 0.04 2.13 ± 0.03 Total 15.1 ± 0.4 0.021 ± 0.001 0.021 ± 0.001 0.473 ± 0.005 6.52 ± 0.06 5.29 ± 0.04 6.64 ± 0.04 2.55 ± 0.02 2.19 ± 0.02 
T, °C 130:xe t24xe/ 130xe 126xe/130:xe 128xe/ 130:xe 129xe/130:xe 131xe/130:xe 132xe/130xe 134xe/130:xe 136xe/ 130:xe 
cm3STP/g 
(1 X l0-14) 
ice-16, olivine, 5.388 g, Edlborg 
900 26.1 ± 0.8 0.023 ± 0.001 0.0223 ± 0.0006 0.479 ± 0.006 6.53 ± 0.06 5.25 ± 0.04 6.63 ± 0.04 2.57 ± 0.02 2.18 ± 0.02 
1800 2.8 ± 0.1 0.018 ± 0.003 0.019 ± 0.003 0.470 ± 0.007 6.51 ± 0.08 5.22 ± 0.06 6.62 ± 0.06 2.57 ± 0.03 2.19 ± 0.03 
Total 28.9 ± 0.8 0.023 ± 0.001 0.0220 ± 0.0006 0.478 ± 0.005 6.52 ± 0.05 5.24 ± 0.03 6.63 ± 0.04 2.57 ± 0.02 2.18 ± 0.02 
ice-18b, olivine, 3.649 g, Stapafell 
900 16.0 ± 0.5 0.022 ± 0.001 0.021 ± 0.466 ± 0.006 6.49 ± 0.07 5.22 ± 0.05 6.60 ± 0.05 2.56 ± 0.02 2.17 ± 0.02 
1800 0.8 ± 0.1 b.b. - b.b. -- 0.45 ± 0.02 6.4 ± 0.2 5.4 ± 0.2 6.6 ± 0.1 2.57 ± 0.09 2.13 ± 0.07 
Total 16.8 ± 0.5 0.022 ± 0.001 0.021 ± 0.001 0.465 ± 0.006 6.49 ± 0.06 5.22 ± 0.04 6.60 ± 0.05 2.56 ± 0.02 2.16 ± 0.02 
ice-18g2, glass, 3. 704 g, Stapafell 
700 4.2 ± 0.1 0.019 ± 0.002 0.019 ± 0.003 0.476 ± 0.008 6.58 ± 0.08 5.32 ± 0.06 6.69 ± 0.06 2.58 ± 0.03 2.17 ± 0.03 
1500 4.2 ± 0.1 0.022 ± 0.003 b.b. 0.466 ± 0.008 6.24 ± 0.08 5.22 ± 0.05 6.61 ± 0.06 2.55 ± 0.03 2.16 ± 0.03 ~ Total 8.3 ± 0.2 0.021 ± 0.002 0.019 ± 0.003 0.471 ± 0.006 6.41 ± 0.06 5.27 ± 0.04 6.65 ± 0.04 2.57 ± 0.02 2.17 ± 0.02 """t ~ 
ice-18g3, glass, 0.983 g, Stapfell '<:: 
..... 
crush b.c. -- b.c. -- b.c. -- b.c. - b.c. -- b.c. - b.c. -- b.c. -- b.c. -- a ~ 
ice-19a, olivine, 5.341 g, S11l11r ~ 
900 72 ± 2 0.024 ± 0.001 0.0222 ± 0.0005 0.476 ± 0.006 6.55 ± 0.06 5.26 ± 0.04 6.66 ± 0.04 2.57 ± 0.02 2.18 ± 0.02 ~ ~ ~ 
u.) 1800 59 ± 2 0.024 ± 0.001 0.0223 ± 0.0005 0.470 ± 0.005 6.48 ± 0.06 5.22 ± 0.04 6.62 ± 0.04 2.57 ± 0.02 2.19 ± 0.02 ~ 
Ul Total 130 ± 3 0.0242 ± 0.0007 0.0222 ± 0.0003 0.473 ± 0.004 6.51 ± 0.04 5.24 ± 0.03 6.64 ± 0.03 2.57 ± 0.01 2.18 ± 0.01 ~ ~ 
ice-19b, olivine, 5.1531 g, S11l11r ~ 
900 4.7 ± 0.2 b.c. -- b.c. -- b.c. -- b.c. -- b.c. - b.c. -- b.c. -- b.c. -- ~ a 
1800 b.c. -- b.c. -- b.c. -- b.c. - b.c. -- b.c. -- b.c. -- b.c. - b.c. -- <:::l"' 
Total 4.7 ± 0.2 b.c. -- b.c. -- b.c. -- b.c. -- b.c. -- b.c. --
..._ 
b.c. -- b.c. -- ~ 
ice-23a, olivine, 5.06 g, Haleyjarbunga ~ 
900 8.5 ± 0.3 0.023 ± 0.002 0.0210 ± 0.0014 0.476 ± 0.006 6.57 ± 0.065 5.28 ± 0.05 6.64 ± 0.05 2.55 ± 0.02 2.17 ± 0.03 ~ 
1800 0.59 ± 0.06 b.b. b.b. b.b. b.b. b.b. b.b. b.b. b.b. """t -- -- -- -- -- -- -- -- ~ 
± 0.002 0.0210 ± 0.0014 0.476 ± 0.006 6.57 ± 0.065 5.28 ± 0.05 6.64 ± 0.05 2.55 ± 0.02 2.17 ± 0.03 
~ Total 9.1 ± 0.3 0.023 ~ 
..._ 
ice-24, olivine, 2.847 g, Hraunsvik/Hrolfsvik c:;-
900 1.13 ± 0.08 b.b. -- b.b. -- 0.48 ± 0.02 6.7 ± 0.3 5.0 ± 0.2 6.8 ± 0.3 2.7 ± 0.1 2.33 ± 0.10 """t 
1800 0.88 ± 0.07 b.b. b.b. 0.54 ± 0.04 7.4 ± 0.5 6.0 ± 0.4 7.5 ± 0.5 2.9 ± 0.2 2.5 ± 0.2 a -- -- ~ Total 2.0 ± 0.1 b.b. -- b.b. -- 0.51 ± 0.02 7.0 ± 0.3 5.4 ± 0.2 7.1 ± 0.3 2.8 ± 0.1 2.39 ± 0.09 ~ ice-25, olivine, 4.912, g, Bleikholl ~ 
900 13.0 ± 0.4 0.020 ± 0.001 0.021 ± 0.001 0.473 ± 0.006 6.53 ± 0.07 5.30 ± 0.05 6.66 ± 0.05 2.56 ± 0.02 2.20 ± 0.03 
..._ 
~ 
1800 2.17 ± 0.08 0.028 ± 0.004 0.023 ± 0.003 0.48 ± 0.01 6.42 ± 0.10 5.20 ± 0.08 6.55 ± 0.08 2.52 ± 0.04 2.13 ± 0.03 ~ ~ 








Comparison of xenon results with previous xenon measurements from Icelandic basalts 
Although l29Xe/130Xe ratios that are higher than the atmospheric ratios have been 
found in this study as well as two previous studies of samples from Midf ell, the 
maximum value of the 129Xe/130Xe ratios vary. The maximum 129Xe/130Xe ratio from 
this study, from sample ice-9gl (from Midfell) is equal to 6.66 + 0.09, which is only 
2.5% higher than the atmospheric ratio (6.496). Higher 129Xe/130xe ratios from the 
same locality, but possibly different flow unit, were reported by Harrison et al. (1999) 
(129Xe/130Xe up to 7.37, ~ 13.5% higher than the atmospheric ratio), and Trieloff et al. 
(2000) (129Xe!130xe up to 6.92 + 0.08, 6.52% higher than the atmospheric ratio). 
5.2.3 Summary 
The noble gas isotopic results from this study show a wide range in 3He/4He 
isotopic ratios that overlap the range in ratios from previous studies. The 3He/4He ratios 
range from 12 to 30 Ra in well-shielded samples; a much wider range than was reported 
previously for Reykjanes Peninsula samples, that is, from 15 to 19 Ra (Burnard et al., 
1994; Harrison et al., 1999; Trieloff et al., 2000). The 3He/4He ratios from partly 
shielded samples extend to values as low as 8.3 Ra, close to the average MORB ratio, and 
to as high as 7 5 Ra ( total gas ratios). The neon isotopic ratios from well-shielded 
samples from this study predominantly lie close to the air-solar mixing line and the 
MORB trend. Neon isotopic ratios of the total gas released from partly-shielded olivine 
samples predominantly lie on a trend that is intermediate between the air-solar mixing 
line and the MORB trend. Neon results from previous studies (Harrison et al., 1999; 
Trieloff et al., 2000) also lie on trends that are between the air-solar mixing line and the 
MORB trend. The maximum 40Ar!36Ar ratio measured in this study (1229 + 150) is 
lower than the maximum measured ratios in previous studies of 2200 + 200 (Burnard et 
al., 1994), 6501 + 311 (Harrison et al., 1999) and 4350 + 93 (Trieloff et al., 2000). The 
krypton isotopic ratios from this study are indistinguishable from the atmospheric ratios 
at the one sigma uncertainty level. The xenon isotopic ratios from· this study are 
generally indistinguishable the atmospheric ratios at the one sigma uncertainty level in all 
samples except sample ice-9g. The maximum value of the l29Xe/l30Xe ratio in sample 
ice-9gl (from Midfell) is 2% higher than the atmospheric ratio. Higher ratios from the 
same locality, but possibly different flow unit, are reported by Harrison et al. (1999) 
(129Xe/l30Xe up to~ 13.5% higher than the atmospheric ratio), and Trieloff et al. (2000) 
(129Xe/130Xe up to 6.52% higher than the atmospheric ratio). 
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CHAPTER 6: NOBLE GAS ISOTOPIC 
RATIOS IN ICELANDIC BASALTS 
6.1 Introduction 
The new isotopic and elemental noble gas data from Icelandic basalts reported in 
this study (Chapter 5) show that 3He/4He ratios measured in glass separates and well-
shielded olivine separates have a broader compositional range (12 - 30 Ra) than those 
measured previously in samples from the Reykjanes Peninsula (12 - 18 Ra). In 
comparison, the partly shielded olivine separates have 3He/4He ratios that range from 8 to 
75 Ra. It is possible that some of the partly shielded samples contain a component of 
cosmogenic 3He, as will be shown in the next section. The range of helium isotopic 
ratios in well-shielded samples suggests that the mantle source of Reykjanes Peninsula 
basalts is likely to be heterogeneous and includes a noble gas source with relatively high 
3He/4He ratios ( at least 30 Ra) that is more primitive than the sources of basalts studied 
in previous investigations. 
Like the helium isotopic ratios measured in Reykjanes Peninsula basalts from 
this study, the neon end-member isotopic ratios are also heterogeneous. Combined with 
the neon compositions from previous investigations ( see Chapter 5), the results from this 
study suggest that Reykjanes Peninsula basalts originate from sources with neon end-
member compositions ranging from solar-like to mid-ocean ridge basalt (MORB)-like 
compositions. Although near-solar neon isotopic ratios from samples along the 
Reykjanes Ridge to the south of Iceland have previously been reported by Poreda and 
Radicati di Brozolo (1984) (Chapter 5), the significance of these results was not 
discussed. The present study confirms the existence of solar-like neon isotopic ratios in 
mantle-derived samples, and evaluates the significance of these results. As will be shown 
in this chapter, the neon isotopic ratios obtained from this study are significant to our 
understanding of the nature of the Icelandic plume source and the degree of stirring in 
the mantle. When the neon isotopic ratios are compared with helium, argon and xenon 
isotopic ratios, they may also provide a means to understand the processes that lead to the 
isotopic heterogeneity found in Reykjanes Peninsula basalts. 
This chapter is divided into three sections. In the first section, the noble gas 
isotopic ratios from the partly-shielded samples that may have cosmogenic components 
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of 3He and 21Ne, will be evaluated to determine whether they provide meaningful 
information about mantle noble gas compositions. In the second section, the means by 
which solar neon isotopic ratios may have been preserved in the mantle and core are 
discussed and evaluated. In the third section, a possible explanation is given for the 
variation in observed helium, neon, argon and xenon isotopic ratios in Icelandic basalts. 
6.2 Cosmogenic versus mantle-derived 3He and 
21Ne in partly-shielded samples 
Cosmogenic isotopes are produced when material such as olivine is exposed to 
cosmic rays at or near the Earth's surface. These cosmogenic isotopes are released 
along with mantle-derived gases when samples are analysed by step-heating. Addition of 
cosmogenic isotopes increases the 3He/4He and 21Ne/22Ne ratios relative to the original 
mantle compositions in the samples (see Chapter 2). This is because the cosmogenic 
21Ne/22Ne end-member ratio (0.94) (Lugmair et al., 1976) is much higher than even the 
maximum 21Ne/22Ne ratio found in mantle-derived samples (MORB 21Ne/22Ne 
extrapolated end-member ratio = 0.075, (e.g., Sarda et al., 1988)), so that addition of 
cosmogenic 21Ne causes the 21Ne/22Ne isotopic ratio to be systematically shifted to 
higher values in the neon three-isotope plot. The mantle and atmospheric 20N e/22N e 
ratios are both decreased by addition of cosmogenic isotopes because their end-member 
ratios (13.8 and 9.8, respectively) are higher than the cosmogenic 20Ne/22Ne end-
member ratio (0.84) (Lugmair et al., 1976). Addition of cosmogenic 3He increases the 
3He/4He ratio in material such as olivine because the concentration of mantle-derived 3He 
in olivine is relatively low, so that relatively small additions of cosmogenic 3He can 
produce large changes in the 3He/4He ratio. In contrast, the concentration of mantle-
derived 4He in olivine is several orders of magnitude higher than that of 3He (e.g., for an 
ocean island basalt (OIB)-type 3He/4He ratio of 4 x 10-5 = 29 Ra), and addition of 
cosmogenic 4He produced in terrestrial samples (Lal, 1988) does not appreciably change 
the measured 3He/4He ratio. 
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Figure 6-1. Neon three-isotope plot, showing the neon isotopic compositions 
of the air, solar, and MORB end-members compared with the values of the 
cosmogenic (Lugmair et al., 197 6) and nucleogenic (Yatsevich and Honda, 
1997) end-member compositions. 
The near-solar neon isotopic ratios measured in some Icelandic samples in this 
study are expected to be associated with near-solar 3He/4He ratios. The solar 3He/4He 
ratio is not accurately known, but should lie within the range of the ratios measured in 
meteorites of 100 Ra (the so-called "planetary" ratio) (Reynolds et al., 1978) and the 
present-day solar wind of 326 Ra (Anders and Grevesse, 1989; Benkert et al., 1993). 
One of the Icelandic samples from this study has a 3He/4He ratio of 180 + 20 Ra 
(individual gas extraction from step-heating, the total ratio is 7 5 + 7 Ra), much higher 
than the maximum ratio reported in previous studies of mantle-derived samples from 
Iceland (ca. 40 Ra) (Hilton et al., 1999) (see Chapter 5). In light of the measured near-
solar neon isotopic ratios in some of the Icelandic samples from this study, it is important 
to evaluate the highest measured 3He/4He ratios to determine whether they are 
cosmogenic or solar in origin. 
6.2.1 Estimation of 21Nec and 3Hec concentrations 
The object of the following evaluation of noble gas compositions is not to 
rigorously determine the cosmogenic exposure ages of the partly-shielded samples. 
Instead, the object is to determine how much cosmogenic helium and neon might be 
added to mantle-derived helium and neon, and if necessary, to correct the measured ratios 
to obtain the approximate mantle noble gas isotopic ratios. The samples for this study 
were collected with the objective of determining mantle isotopic ratios, but in some 
localities, well-shielded samples could not be collected, and partly-shielded samples were 
obtained. In three localities (localities of samples ice-I, -2 and -4), samples are known to 
have been collected from the surface, but were not collected by the author so the original 
degree of shielding from cosmic rays is unknown. In three other localities (ice-12, -16, -
25), samples were obtained from small caves, eroding cliffs, or beneath in-situ boulders 
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to minimize the potential exposure to cosmic rays. Because there is some ambiguity as 
to whether there is a measurable contribution of cosmogenic noble gases to the mantle 
noble gases in the partly-shielded samples, the following discussion seeks to estimate the 
maximum contribution of cosmogenic noble gases. The estimated concentrations of 
cosmogenic 21 Nec and 3Hec for these samples will be used to correct the measured 
3He/4He ratios so as to obtain an approximate value for the initial mantle 3He/4He ratio. 
In two localities, samples were taken at different depths to determine what differences 
would be produced in the measured 21Ne/22Ne and 3He/4He ratios in samples that 
experienced different shielding conditions (samples ice-10.1, -10.2, -11.1 and -11.2). 
The relative differences in the 21Ne/22Ne and 3He/4He ratios from these samples can be 
used to estimate the relative exposure ages of the flow surfaces. 
21Nec 
Mantle-derived samples have three components of neon: the atmospheric, 
nucleogenic, and solar components, that can be deconvolved using the three neon 
isotopes (20Ne, 21Ne, and 22Ne) (Honda et al., 1993a). Samples that have been exposed 
to cosmic rays and contain cosmogenic 21Ne (21Nec) have four components (equation 6-
1), which cannot be deconvolved using three variables. Because 21Nec cannot be 
distinguished from the other components of 21Ne, it is not possible to subtract the 21Nec 
to determine the initial mantle neon isotopic composition. 
21Ne/22NeMeasured = (21Nec + 21Nesolar + 21Ne* + 21NeAir)l(22Nesolar + 22NeAir) (6-1) 
Although 21 N ec cannot be deconvolved from the other three components of 21 Ne, it is 
possible to estimate the amount of 21Nec that may be present in the sample if the initial 
mantle 21Ne/22Ne ratio is known. 
The initial mantle 21Ne/22Ne of the Icelandic samples is not well constrained 
because the end-member 21Ne/22Ne ratios measured in this study and in previous studies 
(see Chapter 5, Figures 5-9 and 5-10) are heterogeneous. However, · it is possible to 
estimate the maximum contributions of 21Nec by assuming that the initial neon isotopic 
ratios lay on the air-solar mixing line. The most solar-like (i.e., un-nucleogenic) neon 
isotopic compositions in Icelandic basalts 'lie on or near the air-solar mixing line, making 
the solar neon isotopic composition a reasonable end-member to determine the maximum 
amount of 21 N ec that could be present in the Icelandic basalts from this study. The 
calculated amount of 21 N ec would of course be lower if the samples were assumed to 
initially lie on the L-K trend or the MORE trend (see Chapter 5, Fig. 5-9). Here, I will 
assume that the initial composition lay on the air-solar mixing line, meaning that initially, 
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the sample contained no nucleogenic 21 Ne. This allows 21Nec to be substituted for 
21Ne* in equation (2-9) (see Chapter 2 and below) to obtain equation (6-2). 
(iNe/22Ne)observed = k(iNe/22Ne)solar + [(iNe/22Ne)nucleogenic+ m(iNe/22Ne)atmosphere (2-9) 
(iN e/22N e) observed = k(iN e/22N e) solar + l (iN e/22N e) cosmogenic + m (iN e/22N e) atmosphere ( 6-2) 
In equations (2-9) and (6-2), iNe = 20Ne or 21 Ne, k + l + m = 1 and each represents the 
fractional contribution of a given end-member to the reference isotope 22Ne (Honda et 
al., 1993a). The 20Ne/22Ne and 21Ne/22Ne isotopic ratios of the endmembers are: 
atmosphere (9.8, 0.029) (Eberhardt et al., 1965), solar (13.8, 0.0328) (Benkert et al., 
1993), nucleogenic (48.0 and 4.47) (Yatsevich and Honda, 1997) and cosmogenic (0.94 
and 0.84) (Lugmair et al., 1976). The calculated amount of 21 Ne* from equation (2-9) 
using the nucleogenic end-member ratios is equivalent to the amount of 21Nec calculated 
from equation (6-2) using the cosmogenic end-member ratios because the measured 
21Ne/22Ne ratios in Icelandic basalts are much lower than either the nucleogenic or the 
cosmogenic end-member ratios. For example, using the neon data from sample ice-4, the 
calculated amount of 21Nec from equation (6-2) based on the cosmogenic end-member 
ratios is 2.1 + 0.4 x 10-14 cm3STP/g. The calculated amount of 21 Ne* from equation 
(2-5) using the nucleogenic end-member ratios is similar and equal to 2.1 + 0.5 x 10-14 
cm3STP/g. 
3Hec 
Using the cosmogenic 3He/21Ne production ratio in olivine (equation 6-3) (Marti 
and Craig, 1987), the calculated 21 Nec concentration obtained above can be used to 
estimate the maximum amount of cosmogenic 3He in the sample. The estimated amount 
of 3Hec can be subtracted from the measured 3He to estimate the minimum mantle 
3He/4He ratio for the sample using equation (6-4). 
3Hec = (21Nec x 2.1) 
(3He/4He)corrected = [(3HeMeasured - 3Hec-Max)/4HeMeasured] 
Estimated exposure age 
(6-3) 
(6-4) 
Although the exposure age of the samples is not of primary interest in this 
investigation, it is necessary to ensure that the time required to produce the estimated 
amount of 3Hec does not exceed the estimated eruption ages for Reykjanes Peninsula 
basalts. The concentrations of 3Hec in olivine in the Icelandic samples from this study 
are expected to be relatively small because the samples are relatively young. The 
production rate of 3Hec, or [3Hec]PR' may be determined from Equation (2-1) (see 
Chapter 2) and used to estimate the exposure age of the sample: 
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[3Hec]PR (cm3STP/g year)= H x [1.68 - (0.0637 x CR)+ (9.99 x 10-4 x CR2)] (2-1) 
where H = 3.7 x 10-18 cm3STP/g year and CR = 1 gigavolt for Icelandic latitudes (CR is 
Cut-off rigidity, see Chapter 2) (Kurz et al., 1990). The value of [3Hec]PR needs to be 
adjusted to account for the effective depth of the sample below the Earth's surface, which 
is determined using a rock density of 3 g/cm3, and the measured depth from the surf ace 
(Table 6-1). Previous studies have shown that for samples collected at high elevations, it 
is necessary to correct the [3Hec]PR for elevation effects, since the [3Hec]PR increases by 
a factor of two for every 1000 m above sea level (see Chapter 2). However, the elevation 
correction is neglected here because samples from this study were obtained from 
elevations of less than 300 meters above sea level (Table 4-1), meaning that the [3Hec]PR 
would increase by less than a factor of two. For a sample at the surface, the [3Hec]PR is 
equal to 5.9 x 10-18 cm3STP/g year (Table 6-1). The calculated amount of 3Hec 
(equation 6-3), divided by the [3Hec]PR' gives the exposure age. 
Erosion Rate 
Another factor that needs to be considered when determining the 3He production 
rate is whether the present-day depth from the surface is representative of the depth since 
the basalt was erupted. In some localities (ice-12, -16, -25), samples were deliberately 
obtained from caves, eroding cliffs or in-situ outcrops on small volcanic cones where 
surrounding rocks were rolling downslope so as to minimize the contributions of 
cosomogenic isotopes. In such localities, the farmer eruptive surface has been lowered 
by erosion, but the initial depth from the surface is unconstrained. In these cases, the 
cosmogenic production rate based on the present-day depth from the surface to the 
sample is likely to be higher than the time-integrated production rate that accounts for the 
effects of erosion. Use of the higher estimated cosmogenic production rate would lead to 
a calculated exposure age that is much younger than the true exposure age. 
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Table 6-1. Estimated contributions of cosmogenic 3He and 21Ne to measured isotopic ratios 
na 9 EM ii,_ HIRZ& id & WWW ~ 
partly 4He 22Ne 21Ner2Ne 21Nec (xl0-14) 3Hec depth 3 3Hel1Ie 3 Corr. Expos. Est. Eruption [ Hee] H~eas 
shielded (xl0-9) (xl0-12) (xl0-14) cm (xl0-18), Ra (xl0-13) 3HefHe age, ka Age, ka, 
olivine 3 3 source 
cm STP/g cm STP/g 
yr 
ice-la 3.7 · ± 0.2 n/a ± n/a n/a ± n/a n/a ± n/a n/a 1 5.9 9.6 ± 0.6 0.5 n/a n/a ·· 10-13a 
ice-lb 5.0 ± 0.3 1.45 ± 0.05 0.0320 ± 0.0005 0.3 ± 0.1 0.7 1 5.9 21 ± 2 1.5 20.0 1 10-13a 
ice-2.la 3.0 ± 0.1 4.4 ± 0.2 0.0312 ± 0.0005 0.5 ± 0.2 1.0 1 5.9 75 ± 7 3.1 72.6 2 10-13a 
ice-2.2a 1.6 ± 0.1 4.2 ± 0.1 0.0306 ± 0.0004 0.6 ± 0.2 1.2 1 5.9 15 ± 1 0.3 9.4 2 10-13a 
ice-2.2b 3.0 ± 0.1 0.92 ± 0.04 0.0335 ± 0.0008 0.4 ± 0.1 0.7 1 5.9 8.3 ± 0.8 0.3 6.5 1 10-13a 
ice-4 0.5 ± 0.0 1.77 ± 0.08 0.0412 ± 0.0013 2.1 ± 0.5 4.3 1 5.9 56 ± 7 0.4 0.0 7 12-13b 
ice-10.1 3.4 ± 0.2 2.3 ± 0.1 0.0300 ± 0.0006 0.2 ± 0.3 0.4 5-10 5.4 18 ± 2 0.9 17.2 1 12-13b 
(sfce) 
ice-10.2 6.1 ± 0.3 1.90 ± 0.09 0.0294 ± 0.0005 0.1 ± 0.1 0.1 100 0.9 17 ± 1 1.5 16.9 1 12-13b 
ice-11.1 3.1 ± 0.2 1.5 ± 0.1 0.0327 ± 0.0011 0.5 ± 0.3 1.0 1 5.9 19 ± 2 0.8 16.8 2 12-13b 
~ (sfce) 
~ ice-11.2 7.3 ± 0.4 1.09 ± 0.05 0.0301 ± 0.0005 0.1 ± 0.1 0.2 30 3.4 17 ± 1 1.7 16.8 1 12-13b ~ Ut 
ice-12.2 1.3 ± 0.1 9.9 ± 0.4 0.0301 ± 0.0003 1 ± 8 2.2 1 5.9 24 ± 2 0.4 11.8 4 12-13b ~ ........ 
(sfce) ~ 
ice-16 13.0 ± 0.7 4.0 ± 0.2 0.0321 ± 0.0004 1.0 ± 0.3 2.2 50 2.3 19 ± 2 3.5 17.8 9 5-7b I~. ice-25 11.3 ± 0.7 6.0 ± 0.2 0.0312 ± 0.0004 1.2 ± 1.1 2.6 60 1.9 16 ± 1 2.5 14.3 14 43c 
C) 
Column 1: partly shielded samples. Columns 2-4: measured data. Columns 5-6: 21Nec and 3Hec C) 
concentrations. Column 7: Depth of sample below surface. Column 8: calculated cosmogenic 3He 
...... 
~ 
production rate (see text) at depth in column 7. Columns 9, 10: measured 3He/4He ratio and 3He ~ ..... 




based on calculated cosmogenic 3He in column 6 and production rate in column 8. Column 13: ...... ~ 
Independent estimates of eruption ages from data sources shown: a (Tronnes, 1990); b. Haukur ~ 
~ 












Measured versus corrected 3He/4He ratios in partly-shielded samples 
The difference between the measured and corrected 3He/4He ratios from these 
Icelandic samples provides an estimate of the amount of cosmogenic 3He in the samples. 
The 3He/4He ratios shown in Column 11 of Table 6-1 are corrected for possible 
contributions of cosmogenic 3He (equations 6-2 to 6-4). Only samples ice-2.la, -4 and 
-12.2 have relatively high measured 3He/4He total gas ratios (75, 56, 24 Ra) compared 
with those of most other Reykjanes Peninsula samples (8 - 20 Ra) (see Figures 5-2 and 
5-8). In two of these samples, ice-4 and ice-12.2, there is a significant difference between 
the measured and corrected 3He/4He ratios. In sample ice-12.2, the measured ratio is 24 
Ra, about two times higher than the corrected 3He/4He ratio (12 Ra), but both ratios are 
within the range observed in other Reykjanes Peninsula samples. The corrected 3He/4He 
ratio in sample ice-4 is zero, which shows that the assumption that the initial 21 N e/22N e 
ratio lay on the air-solar mixing line is incorrect for this sample, and has caused the 
amount of 21Nec to be overestimated. Use of a lower 21Ne/22Ne end-member neon 
isotopic ratio as the initial ratio would yield a corrected 3He/4He ratio more similar to the 
ratios in other Reykjanes Peninsula basalts, but there are no constraints on how low the 
initial 21Ne/22Ne ratio should be. In the third sample, ice-2.la, will be discussed further 
in the next section. 
Inmost of the remaining samples (ice-lb, -2.2b, -10.1, -10.2, -11.1, -11.2, -16, 
and -25) the corrected 3He/4He ratios are not more than ~3 Ra lower than the measured 
ratios. Also, for most of the partly-shielded samples (ice-10.1, -10.2, -11.1, -11.2, -16, 
and -25), the calculated exposure ages (1 to 14 ka, Table 6-1, Column 12) are younger 
than, or similar to, the estimated eruption ages (5 to 13 ka, 43 ka, Table 6-1, column 13). 
In general, even if the samples are as young as 10 ka, the calculated cosmogenic exposure 
age should accurately express the exposure history of the samples. The relatively young 
calculated exposure ages compared with the estimated eruption ages of these Icelandic 
basalts is probably caused by overestimating the production rate of 3Hec and 21 N ec, 
which may be the result of not accounting for erosion of the flow surf ace. In any case, 
the small differences between the corrected and observed 3He/4He ratios in samples ice-
1 b, -2.2b, -10.1, -10.2, -11.1, -11.2, -16, and -25 suggests that 3Hec consititutes only a 
minor amount of the total 3He, and that the measured ratios in these samples may 
regarded as being not more than 3 Ra higher than the mantle 3He/4He ratios. 
Samples that were collected from the same locality, but at different depths (ice -
10.1, -10.2, from Maelifell, and -11.1, -11.2, from Sandfell) should have different 
3He/4He ratios if the flows are relatively old. The samples that were collected from the 
surface (ice-10.1 and -11.1) appear to have slightly higher 3He/4He ratios (18 + 2 and 
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19 + 2 Ra) than ice-10.2 and ice -11.2 (17 + 1 Ra, 100 cm below surface and 17 + 1 Ra, 
30 cm below surface, respectively), but these differences are not significant at the one 
sigma uncertainty level. The corrected 3He/4He ratios for the shielded samples ice-I 0.2 
and -11. 2 are the same as both the measured ratios and the ratios from the surface 
samples ice-I 0.1 and 11.1 at the one sigma uncertainty level. This suggests that the 
contributions of cosmogenic 3He and 21Ne to the measured 3He/4He and 21Ne/22Ne 
ratios in the surface samples are small. · This further implies that the flow surf aces in 
localities of these samples have not been exposed to cosmic rays for prolonged time 
periods, meaning that these particular flows are likely to be relatively young. 
Sample ice-2.la: mantle-derived or cosmogenic 3He/4He? 
It is important to evaluate in detail whether the highest measured 3He/4He ratios 
in this study are cosmogenic or mantle-derived in origin. Sample ice-2 was not collected 
by the author. It was obtained from the present-day flow surface, but the degree of 
erosion is not known. The rock sample from which the olivine was separated for ice-
2.1 a was collected at the same locality but possibly from a different part of the flow than 
sample ice-2.2 (replicates ice-2.2a and ice-2.2b, Chapter 4, Table 4-1). It is therefore 
possible that the sample from which ice-2.1 a was obtained has experienced different 
shielding conditions from cosmic rays compared with the sample from which ice-2.2a 
and -2.2b were obtained. However, owing to the lack of information about the shielding 
conditions from cosmic rays for these samples, it is impossible to directly calculate the 
expected contributions of cosmogenic 3He and 21Ne to the samples. 
The total gas ratios for sample ice-2.la are: 21Ne/22Ne = 0.0312 + 0.0005 and 
3He/4He = 75 + 7 Ra (Table 6-1). The 3He/4He ratios from individual gas extractions 
range from 29 Ra (1800°C) to 181 Ra (900°C) (Table 5.1). Assuming surface exposure 
conditions (Table 6-1), the corrected 3He/4He total gas ratio is 73 Ra (equation 6-3) 
(Table 6-1). This corrected 3He/4He ratio is similar to the measured ratio (75 Ra), and is 
much higher than any previously measured mantle 3He/4He ratios in Icelandic samples 
(Table 5-2). The calculated exposure time for sample ice-2.1 a is equal to 
3Hec/[3He]PR = [(l x 10-14 cm3STP/g)/(6 x 10-18 cm3STP/g year)] = ~2 ka 
(Table 6-1). This estimated exposure time is well below the minimum estimated eruption 
ages of 10 ka for the Sandfell volcanoes in the Hengill system (Tronnes, 1990) from 
which this sample was derived. It appears that there is only a minor contribution of 
cosmogenic 3He in sample ice-2.1 a, suggesting that the high total gas 3He/4He ratio of 
75 + 7 Ra may represent a mantle-derived composition. 
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In comparison, the measured 3He/4He ratios for ice-2.2a and ice-2.2b are 
significantly lower (16 and 8 Ra, respectively) than ice-2.1 a. The corrected 3He/4He 
ratios for ice-2.2a and ice-2.2b are 10 and 6 Ra, respectively (Table 6-1), and notably, 
fall within the range of 3He/4He ratios measured in well-shielded olivine separates from 
the Reykjanes Peninsula (see Chapter 5). Because the high 3He/4He ratio observed in 
ice-2.1 a was not also found in ice-2.2a and -2.2b, the intriguing results from sample ice-
2.1 a will not be discussed further here. Clearly, further studies on the samples from this 
locality should be undertaken. 
6.2.2 Summary and conclusions regarding cosmogenic versus 
mantle-derived components of 3He and 21Ne 
This evaluation of the helium and neon isotopic ratios of the partly-shielded 
samples suggests that in most samples (excluding ice-la (unconstrained), -4, -2.2a, -
12.2), cosmogenic isotopes, where present, constitute only a minor component of the 
observed 3He/4He and 21Ne/22Ne ratios. In most of the partly shielded samples the 
corrected 3He/4He ratios are not more than ~3 Ra lower than the measured ratios. In 
those partly shielded samples that have corrected 3He/4 He ratios much lower than the 
measured 3He/4He ratios (ice-4, -2.2a, -12.2) a significant component of cosmogenic 
21Nec may be present. However, in sample ice-4, the assumption that all the excess 21N e 
is 21Nec may lead to an overestimate of the 21Nec and 3Hec concentrations. This 
overestimate results in a "corrected" 3He/4He ratio that is lower than the atmospheric 
ratio. Sample ice-2.1 a presents a unique problem in that although the high 3He/4He ratio 
of 7 5 + 7 Ra appears to be mantle-derived, this result cannot be authenticated, because 
the 3He/4He ratios in ice-2.2a and -2.2b are much lower and are similar to the ratios in 
other Reykjanes Peninsula samples. The discussion of mantle-derived helium and neon 
isotopic compositions in the following sections will focus on the well-shielded samples, 
and on those in which contributions from cosmogenic nuclides are very small. 
6.3 Preservation of near-solar neon isotopic ratios 
This section addresses the possible processes by which near-solar neon isotopic 
ratios are preserved in Icelandic basalts. The observed neon isotopic ratios from 
Icelandic basalts lying on or near the air-solar mixing line imply that a primordial solar 
component trapped within the Earth has remained relatively unchanged over the past 
4.5 Ga. Preservation of solar isotopic neon ratios in the silicate mantle is unexpected 
because the production of time integrated 21 Ne* in the mantle, from the Wetherill 
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reactions (Wetherill, 1954) might be expected to increase the 21 N e/22N e ratio to a value 
well above the primordial solar ratio (Honda et al., 1993a). The measured neon isotopic 
ratio will be indistinguishable from the solar neon isotopic ratio if the concentration of 
solar neon is relatively high compared with that of time integrated 21 Ne*, owing to either 
a high solar neon concentration or a very low U + Th concentration in the neon source 
region. Near-solar neon isotopic ratios may result from: ( 1) preservation of a primitive 
mantle component with a N e801ar concentration that is sufficiently high such that it 
overwhelms the amount of 21Ne* produced by decay of U and Th (i.e., a mantle source 
with a high [Ne801arJ/[U + Th] ratio); or (2) the extraction of solar noble gases from the 
Earth's outer core, which is assumed to have a very low U and Th content such that the 
production of 21Ne* over the age of the Earth is negligible. 
6.3.1 Ratio of solar to nucleogenic neon in the MORB and Iceland 
mantle sources 
To evaluate whether the solar neon isotopic ratios are preserved in a part of the 
Icelandic plume source mantle that has a high [Ne801arJ/[U + Th] ratio, it is convenient to 
compare the composition of the Icelandic plume source with that of the MORB source, 
which is known to have been largely degassed, and is therefore expected to have a 
comparatively low [Ne801arJ/[U + Th] ratio. The relative degree of degassing of solar 
gases from the Icelandic plume source and the MORB source mantle can be obtained by 
calculating the ratio of solar to nucleogenic neon in basalts from the two sources. The 
neon isotopic ratio of the mantle is a mixture of the preserved initial solar neon 
(21Ne/22Ne)solar and the nucleogenic neon (21 Ne*/22Ne*) produced in the mantle over 
the Earth's history; it can be calculated using equation (6-5): 
(21Ne/22Ne)mantle = (21Nesolar + 21Ne*)/(22Nesolar + 22Ne*) (6-5) 
The amount of 21Ne* that needs to be added to the solar 21Ne/22Ne ratio to produce the 
observed 21 Ne/22Ne ratio in the MORB source can be calculated using a simplified 
version of equation (6-5). The addition of 22Ne* has little effect on the observed ratio 
because the (21Ne/22Ne)solar ratio (0.0328) is orders of magnitude lower than the 
nucleogenic 21 Ne*/22Ne* production ratio of 48 (Yatsevich and Honda, 1997) so that 
changes in the 21 N e/22N e ratio are almost entirely caused by addition of 21 Ne*. 
Consequently, 22Ne* may be neglected so that the right hand side of the equation is 
approximated by (21Ne801ar + 21 Ne*) / (22Ne801ar). Equation (6-6) may then be solved 
for 21Ne*/22Ne801ar as follows (Honda et al., 1993b): 
21Ne*/22Ne I - (21Ne/22Ne) 1 - (21Ne/22Ne) 1 so ar - mant e so ar (6-6) 
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Using a MORB 21Ne/22Ne end-member ratio of 0.0744 (Sarda et al., 1988) (the 
extrapolated value of the 21Ne/22Ne ratio at a solar 20Ne/22Ne ratio of 13.8 + 0.1 
(Benkert et al., 1993)) and a solar 21Ne/22Ne ratio of 0.0328 + 0.0005 (Benkert et al., 
1993), equation (6-6) yields 21 Ne*/22Nesolar ~ 0.042. 
The ratio of solar to nucleogenic neon in the Icelandic plume source is expected 
to be higher than in the MO RB source, because the measured Iceland neon isotopic 
ratios of some samples lie within experimental error of the air-solar mixing line. To 
obtain the mantle 21Ne/22Ne ratio from the measured ratios, the component of 
atmospheric neon must first be subtracted from the measured value by extrapolating the 
(21 Ne/22Ne)rneasured ratio to the (20Ne/22Ne )solar ratio of 13.8. For example, the 
measured neon ratios for sample ice-9g2 lie near the air-solar mixing line, with a 
21Ne/22Ne ratio of 0.0304 + 0.0005 (1.7% uncertainty) and a 20Ne/22Ne ratio of 10.74 
+ 0.13 (1.2 % uncertainty) (Table 5-1). At a 20Ne/22Ne ratio of 13.8, the extrapolated 
21Ne/22Ne ratio is about 0.035. The uncertainties in the extrapolated 21Ne/22Ne ratio are 
obtained by extrapolating the maximum and minimum 21Ne/22Ne ratios (0.0299 and 
0.0309, respectively, prior to extrapolation), obtained from the measured uncertainties, 
along a line from the atmospheric ratio to the solar 21Ne/22Ne ratio. Following 
extrapolation, the maximum 21Ne/22Ne ratio is estimated to be 0.0375 and the minimum 
is 0.0328. Because the Icelandic mantle source region must contain some U and Th, it 
should contain some nucleogenic neon. The value of 0.0375 constrains the maximum 
proportion of nucleogenic neon that is likely to be present in the Icelandic plume source 
region. The results from other Icelandic samples with neon ratios near the air-solar 
mixing line would yield similar average neon ratios, but owing to their larger uncertainties 
they place poorer constraints on the maximum and minimum values of the 21 N e/22N e 
ratio in the plume source. 
From equation (6-6), the estimated maximum 21N e*/22Nesolar ratio for the 
Icelandic plume is 0.0047. This is a measure of the 21Ne* required to shift the 
21Ne/22Ne ratio from the solar to the maximum permitted ratio of 0.0375. The relative 
concentrations of solar neon in the Icelandic plume source and the MORB source can be 
obtained from the ratio of (21 Ne*/22Ne801ar)MORB/(21Ne*/22Ne801ar)Icelanct and is equal to 
9 (0.042/0.0047). This shows that the proportion of solar neon in the Icelandic plume 
source is at least 9 times greater than in the MORB source, provided that the uranium and 
thorium contents in the MORB and the Icelandic plume sources are similar. 
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Is the Icelandic mantle plume source solar neon-enriched or (U + Th)-
depleted? 
The higher 22Ne80iarf21 Ne* ratios in the Iceland plume source relative to the 
MORB source may be caused by a lower U + Th concentration in the Icelandic plume 
source region, a higher relative solar neon concentration, or both. Differences in the U + 
Th concentrations in the MORB and Icelandic plume sources alone are unlikely to 
explain the higher 22Ne80iarl21Ne* ratio in the Iceland plume source for the following 
reason. Neodymium and strontium isotopic systematics for MORBs ( e.g., Hofmann, 
1997) and Icelandic basalts (Hemond et al., 1993) show evidence of time-integrated 
depletion of incompatible elements in both source regions relative to the primitive mantle 
composition, but the MORB source is more depleted than the Icelandic source. Uranium 
and thorium, which are typical incompatible elements, are therefore expected to be more 
depleted in the MORB source than the Icelandic source. If the higher 22Ne801a/21 Ne* 
ratios in Icelandic basalts relative to MORBs are due to differences in U + Th 
concentrations, the Icelandic plume source would need to be even more depleted in U + 
Th than the MORB source. Considering that most Icelandic basalts have experienced 
less time integrated depletion in incompatible elements than MORB, this possibility 
appears unlikely. 
Preservation of primitive undegassed mantle 
The MORB source has a 40 Arf36 Ar ratio of at least 40,000 (Allegre et al., 
1986/87; Burnard et al., 1997; Moreira et al., 1998), markedly higher than the 
atmospheric value of 295. This difference requires at least the upper part of the Earth' s 
mantle to have undergone a massive degassing event early in its history, before a 
significant amount of 40K (half-life = 1.25 x 109 annum) had decayed to 40Ar (Hart et 
al., 1985). The upper mantle is estimated to have lost much of its 36 Ar in the first 1 Ga 
of Earth history (Turner, 1989) and is likely also to have lost a similarly large amount of 
its primordial solar neon during this time. Following the early massive degassing event, 
40Ar continued to be produced in the mantle by the decay of 4°K (e.g., Turner, 1989). A 
major question that remains is whether this early degassing event also caused extensive 
degassing of the lower mantle (cf. Davies, 1999; O'Nions and Tolstikhin, 1994; Phipps 
Morgan, 1998; Porcelli and Wasserburg, 1995). 
Given that at least the upper mantle has undergone a massive early degassing 
event, followed by continuous degassing, a key question is whether some primitive 
undegassed mantle could be preserved in the mantle over the age of the Earth. 
Continuous degassing occurs via partial melting of the mantle and creates a strongly 
degassed mantle component that is later recycled and stirred back into the mantle by 
convection. The result is a hybrid mantle comprised of two end-member components: a 
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strongly degassed recycled component (Allegre and Turcotte, 1986) and a much less 
degassed original primitive mantle component (Becker et al., 1999; Phipps Morgan, 
1998). Because partial melting of the mantle is confined to the low pressure zone at the 
top of the mantle, only a small fraction of the previously undegassed mantle can degas at 
a given time. Furthermore, the material entering the zone of melting will be a random 
mixture of primitive undegassed mantle and degassed mantle. Consequently, although 
the fraction of primitive undegassed mantle will decrease with time, the modern mantle 
can be expected to contain a small but finite amount of primitive undegassed material 
(Davies, 1984 and references therein). The scale of these undegassed mantle domains 
will decrease with time as they are continually thinned by stirring in the mantle. 
The concept that primitive, unmelted domains may exist in the modern mantle is 
controversial. Primitive mantle is expected to be characterised by chondritic abundances 
of refractory lithophile trace elements, ENct and Esr values of zero, and lead isotopes that lie 
on the geochron (e.g., Hofmann, 1997). If material with this composition exists in the 
modern mantle, no evidence for it has been found in the thousands of OIB and MORB 
samples that have been analysed for radiogenic isotopes. The strontium, neodymium and 
lead isotopic data therefore appear to preclude the possibility that zones of primitive 
undegassed mantle exist on a scale equal to or greater than the zone of melting sampled 
by basalts. Radiogenic isotope results, however, do not preclude the possibility that 
regions of primitive undegassed mantle exist within the Icelandic plume source region, 
provided that the scale of these primitive mantle domains is small compared with the total 
volume of mantle processed to produce the erupted basalts. If the concentrations of Nd, 
Sr, and Pb in the primitive mantle component are of the same order as in the degassed 
mantle component, the isotopic compositions of the erupted basalts will lie on mixing 
arrays between the various isotopic mantle end-members that are sampled by the plume. 
Radiogenic isotope results will not necessarily provide a definitive test for the presence or 
absence of a primitive, undegassed mantle component under these circumstances. 
The concentration of solar neon contained in relatively primitive undegassed 
mantle that remains in the lower mantle is likely to be greater than the concentration of 
solar neon in the upper mantle source of MORBs. One reason is that partial melting 
occurs in the low pressure region of the upper mantle, so that the degassed mantle 
residue from partial melting is more likely to be stirred into the adjacent upper mantle 
than it is into the more distant lower mantle. A second factor is that the viscosity of the 
mantle increases with pressure, and is believed to be about a factor of thirty higher in the 
lower mantle than it is in the upper mantle (Gurnis and Davies, 1986a). Stirring of 
degassed mantle with the undegassed mantle therefore is expected to take longer in the 
lower mantle than in the upper mantle. Because the Iceland plume source region contains 
at least nine times more solar neon than the MORB source, it is unlikely to originate 
within the upper mantle. In comparison, the Hawaiian plume source, with a mantle end-
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member 21Ne/22Ne ratio of 0.0400 (Honda et al., 1993b), has a fraction of solar neon 
that is only about (0.042/0.0072) ~6 times greater than the MORB source (equation 6-6) 
and about (0.0072/0.0047) half the amount in the Icelandic plume source. Clearly, the 
concentration of solar neon in mantle plumes is heterogeneous, which is not unexpected 
if solar neon is stored in the viscous, poorly stirred lower mantle. Seismic studies have 
found evidence of a column of hot mantle extending from below Iceland well into the 
lower mantle (e.g., Bijwaard, 1999 and references therein), and it is possible that the 
Iceland plume originates from the thermal boundary layer that is believed to overlie the 
core (Griffiths and Campbell, 1990). 
6.3.2 The core as a source of solar neon in the Icelandic plume 
An alternative, speculative possibility is that the Icelandic plume obtained its 
helium, and by inference, solar neon, from the core, as discussed by Macpherson et al. 
(1998). One complicating factor in this hypothesis is that there is no known mechanism 
by which noble gases may have been incorporated into the core and subsequently 
released into the mantle. Owing to the low solubility of noble gases in metals (Becker 
and Pepin, 1984; Matsuda et al., 1993), during equilibrium melting and segregation of 
molten iron-nickel phase from the silicate mantle to form the core, the gases would be 
expected to partition- preferentially into the silicate mantle (Matsuda et al., 1993). 
However, if non-equilibrium partitioning of noble gases occurs between the metal and 
silicate phases (Matsuda et al., 1993), it is possible that solar neon might be incorporated 
into the core. Because U and Th are unlikely to dissolve in Fe at any pressure and are 
not believed to be major constituents in the core (Ringwood, 1979), the core is a potential 
source where pure solar neon isotopic ratios could be preserved. However, as there are no 
experimental data for helium and neon to support this mechanism, or that proposed by 
Macpherson et al. ( 1998), for incorporating helium and neon into the core, any 
suggestion that neon has been stored in the core remains highly speculative. 
6.3.3 Conclusions regarding preservation of near-solar neon isotopic 
ratios 
The neon isotopic ratios measured on some Icelandic samples are among the 
most primitive reported so far from terrestrial mantle-derived samples. These neon data 
suggest that a small amount of primitive, undegassed material is present in the lower 
mantle source of the Icelandic plume, which contains much more solar neon than the 
upper mantle MORB source. The amount of solar neon in mantle plumes appears to be 
variable because the Hawaiian plume has a proportion of solar neon that is less than that 
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in the Icelandic plume ( assuming that the U and Th contents in these reservoirs are 
similar). 
The solar-like neon isotopic ratios in some Icelandic basalts have important 
implications for mantle convection models because they suggest that the mantle is highly 
heterogeneous in terms of noble gas concentrations. The Icelandic plume is unlikely to 
originate from the upper mantle, which is well-mixed and has a less solar-like 21Ne/22Ne 
ratio than the solar end-member in the Icelandic plume. The neon and helium 
characteristics of the Iceland plume are most consistent with a plume source deep in the 
lower mantle, a conclusion consistent with recent seismic studies of Iceland (Helmberger 
et al., 1998). The alternative possibility, that noble gases are stored in the outer core, is 
considered highly speculative. 
The near-solar neon isotopic ratios are expected to be coupled with near-solar 
helium isotopic ratios, but this is not observed. Instead, the solar-like neon isotopic ratios 
are associated with lower 3He/4He ratios of 15 to ~30 Ra, interpreted to indicate 
decoupling of helium and neon during the generation and eruption of the magmas. 
6.4 Decoupling neon and helium isotopic ratios 
The near-solar neon isotopic ratios observed in some Icelandic basalts are 
expected to be coupled with measured 3He/4He ratios close to the solar ratio. This is 
because coupled production of 4He and 21Ne*, related to the decay of uranium and 
thorium, produces systematic changes in the 3He/4He and 21Ne/22Ne ratios in the mantle 
(Honda et al., 1993a) (see Chapter 2). As mentioned previously, the solar 3He/4He ratio 
is expected to lie in the range of the "planetary" ratios in meteorites and the ratio 
measured in the solar wind (100 and 320 Ra, respectively, see Chapter 2). Both ratios are 
much higher than the observed ratios of 15 - 30 Ra in the well-shielded samples that 
have solar neon isotopic ratios. Because the observed 3He/4He ratios in most samples 
from this study are much lower than the expected range of possible solar 3He/4 He ratios, 
it appears necessary to inf er that the neon and helium isotopic ratios are decoupled. 
Decoupling is also suggested by the compositions of the Icelandic samples from this 
study that have MORB-like neon isotopic ratios, which might be expected to have 
MORB-like 3He/4He ratios near 8.5 Ra, but instead have higher observed 3He/4He ratios 
from 12 to 20 Ra. However, the sense of decoupling in these samples is the opposite to 
that observed in the samples with solar neon isotopic ratios which have 3He/4He ratios 
between 15 and 30 Ra. Likewise, the results reported by Trieloff et al. (2000) show neon 
ratios that lie on a slightly steeper trend than the Loihi-Kilauea line in the neon three-
isotope plot (Chapter 5). These neon ratios are predicted to be coupled with 3He/4He 
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ratios greater than or equal to the Loihi ratio of ~ 30 Ra, but are instead lower, and 
between 17 -18 Ra. The decoupled helium and neon isotopic ratios in the results from 
this study and that of Trieloff et al. (2000) are in contrast to the seemingly coupled ratios 
reported by Harrison et al. (1999) (see Chapter 5). 
6.4.1 Mixing solar helium and neon isotopic components from the 
Icelandic plume with MORB-derived helium and neon 
The preceding discussion in section 6.3.1 suggests that noble gas isotopic 
heterogeneity is expected in the Icelandic plume source if the bodies of primitive, 
undegassed material exist on a relatively small scale within a matrix of less primitive 
mantle. However, shallow-level processes may also contribute to noble gas 
heterogeneity. Experiments to simulate the behaviour of plumes suggest that when 
plumes rise vertically from the core mantle boundary, entrainment of surrounding 
material occurs predominantly at the base of the lower mantle (Campbell, 1998, and 
references therein). However, when there are large-scale systematic motions in the 
surroundings such as a superimposed horizontal shear flow or convective overturning, as 
might be driven by the movement of tectonic plates, the plume conduit will be bent in the 
direction of horizontal flow (Griffiths and Turner, 1998, and references therein). A 
consequence of the tilting of plume conduits is enhanced entrainment of surrounding 
material as it is heated in a boundary layer around the rising plume tail and is drawn into 
it. Such entrainment has been investigated experimentally for a plume rising beneath a 
spreading ridge and show that the plume is spread laterally by the moving plates (Feigner 
and Richards, 1995). The behaviour of the model plume corresponds reasonably well 
with the isotopically "enriched" signature of the Icelandic plume over a great distance 
along the Mid-Atlantic Ridge (Griffiths and Turner, 1998; Schilling, 1973; Schilling, 
1991). A MORB component has previously been suggested as a possible end-member 
that mixes with the Icelandic plume magmas in the source of Reykjanes Peninsula 
(Iceland) basalts on the basis of lead, strontium and neodymium isotopic data (Merz and 
Haase, 1997) (see Chapter 4). Mixing between plume and MORB magmatic 
components could also occur in magma chambers within the Icelandic crust near 
spreading ridges, such as along the Reykjanes Peninsula or the northern NVZ, and may 
be expected to lead to heterogeneous noble gas isotopic compositions in erupted basalts 
on a local scale. 
Comparison of the helium and neon isotopic ratios from this study with those 
from previous studies shows that the mantle source of Icelandic basalts is quite 
heterogeneous. Mixing between plume and MORB-derived helium is implied by: (1) 
the increase in 3He/4He ratios in MORBs approaching Iceland from the north and south 
(Poreda et al., 1986) (see Chapter 5); (2) the increase in 3He/4He ratios along the 
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northern neovolcanic zone of Iceland, from MORB-like values of 8 Ra at northernmost 
locality near the coast, to higher values of 20 Ra near the center of Iceland (Breddam et 
al., 2000); and (3) the range in 3He/4He ratios of Reykjanes Peninsula samples from 
MORB-like 3He/4He ratios of 8.3 Ra (sample ice-2.2b) to higher ratios of at least 30 Ra 
(ice-9a). The gradient in 3He/4He ratios along the Mid Atlantic Ridge near Iceland, and 
along neovolcanic zones in Iceland, may suggest that the observed noble gas 
heterogeneity may arise in part from mixing plume and MORB-derived noble gases at 
relatively shallow levels in the mantle and/or in Icelandic crustal magma chambers. 
The neon data appear to suggest that there are at least two mantle neon isotopic 
end-members, MORB-like and solar-like (Fig. 5-9). The neon isotopic compositions 
from the present study that have solar- and MORB-like neon ratios may represent the 
most- and least- "primitive" noble gas end-members, respectively, in this environment 
(Figs. 5-8, 5-9). These end-members may have mixed together to produce a range of 
intermediate neon isotopic ratios in Icelandic basalts. Compositions intermediate 
between the solar and MORE neon end-member compositions, such as those reported by 
Harrison et al. (1999) and Trieloff et al. (2000) (Fig. 5-4), may be expected in some 
localities where mixing between these end-members has occurred. Mixing solar-like 
helium and neon in the Icelandic plume with MORE-derived noble gas components may 
provide an explanation for the observed range of helium and neon end-member isotopic 
ratios in Reykjanes Peninsula basalts. 
Mixing model 
If mixing between plume and MORE-derived noble gases is the explanation for 
the observed range in helium and neon isotopic ratios in Icelandic basalts from the 
Reykjanes Peninsula, a model devised to describe such mixing should be able to explain 
(1) the apparently decoupled helium and neon isotopic ratios from this study (that 
include the samples with MORE-like neon isotopic ratios and those with solar-like neon 
isotopic ratios) and in the study by Tri el off et al. (2000) as well as (2) the nearly coupled 
helium and neon isotopic ratios reported in Harrison et al. (1999) (see Chapter 5, section 
5.1.1). The equations that will follow describe mixing noble gases between a plume end-
member that has a solar-like neon isotopic composition and a MORB end-member that 
has a neon isotopic ratio equal to the end-member MORB composition, as is suggested 
by the some of the neon compositions measured in this study (Figure 5-10). As such, 
the equations describe binary mixing between noble gases in the plume and MORE end-
members. Although it is possible that other noble gas components are present, it will be 
shown that a two component model adequately describes the entire range in helium and 
neon isotopic compositions in Icelandic basalts. 
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End-member compositions: helium and neon 
The plume end-member 3He/4He ratio is not well constrained. Based on the 
measured solar-like neon isotopic ratios, it is inferred that the 3He/4He ratio of the plume 
end-member should be close to the solar ratio. The solar 3He/4He ratio has been 
described in the literature as having a value as high as 320 Ra (the ratio in the solar wind) 
(Geiss et al., 1972) but may be as low as 100 Ra (the value measured in meteorites) 
(Anders and Grevesse, 1989) (see Chapter 2). These values define the maximum ratios 
that might be expected for the end-member 3He/4He ratio in the Icelandic plume. Much 
lower 3He/4He ratios are actually observed in most OIBs, including Icelandic basalts. 
Because the measured 3He/4He ratios in Icelandic basalts are much lower than the range 
of possible ratios for the solar end-member, the actual choice of 320 Ra or 100 Ra does 
not affect the interpretations that will be made from the data. This analysis of the data 
seeks to describe only the relative differences in the contributions of noble gases from 
the plume and MORB end-members in a mixture of gases, and the absolute values are 
not important here. Hence, a conservative estimate for the 3He/4He ratio of the solar end-
member of 100 Ra will be used here, but similar conclusions could be drawn using 
higher ratios. 
The maximum ratio and near-solar 21Ne/22Ne ratios (0.0328 - 0.0375) (see 
section 6.3.1 for an explanation of the maximum and minimum 21 Ne/22Ne ratios used 
here) (Fig. 6-2), and the MORB end-member is known to have relatively low average 
3He/4He ratios near 8.5 Ra and a relatively high end-member 21 Ne/22Ne ratio ( ~0.075) 
(Sarda et al., 1988) compared with the solar ratio. 
The compositions of some Icelandic samples from this study that have near-solar 
neon isotopic ratios and helium isotopic ratios of 20 - 30 Ra can be produced by binary 
mixing if the helium in the mixture is dominated by the MORB component (which has a 
low 3He/4He ratio of 8.5 Ra), but the neon in the mixture is dominated by a plume 
component that has a near-solar 21Ne/22Ne ratio. The relative proportions of helium and 
neon from the plume and MORB end-members in the mixture are described by the 
parameter R;t;e, which is the ratio of two ratios: the 22Nesf3He ratio (where the 
subscript "S" refers to "solar) in the plume divided by the 22Nesf3He ratio in MORB 








The actual variation in the 22N esf3He ratios in OIBs and MORBs was shown 
previously in Figure 2-20G (shown instead as 3He/22Ne8 ratios). There is a very large 
range in 22Nesf3He in oceanic basalt samples, with the 22Ne8/ 3He ratios in MORBs 
generally lower than the ratio in OIBs (a detailed explanation of elemental ratios will be 
provided in Chapter 7). Mixing between OIB and MORB gases with fractionated 
22N esf3He ratios may produce a large range in R;~~e. In other words, varying R;~~e 
relates to the relative degree of fractionation of the 22Nesf3He ratios in the MORB and 
plume end-member components. If R;~e has a relatively low value (e.g., 0.1), then the 
neon in the mixture is dominated by the MORB component in the denominator, and the 
neon isotopic composition of the mixture will be more similar to the MORB end-member 
than to the plume end-member, but the 3He/4He ratio will be higher than the MORB 
ratio. Conversely, if R;~e is relatively high (e.g., 5), then the mixture will have a neon 
isotopic composition that is dominated by the plume end-member composition, but the 
helium isotopic ratio will be lower than the plume end-member ratio owing to a 
contribution of helium from the MORB end-member. The equations below will show 
how varying the R;~e value changes the isotopic compositions in the mixture. The 
decoupled helium and neon isotopic ratios observed in the Icelandic samples will be 
explained as caused by mixing end-member plume and MORB compositions with a 
range of R;~e values. 
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Figure 6-2. Neon three-isotope plot (see Fig. 5-10), showing the end-member 
21 N e/22N e ratios that will be used to model the Icelandic data from this study. 
The data shown from this study are total gas ratios, and the trends are formed 
by data from numerous samples. The size of the rectangle shows the range in 
extrapolated end-member 21 N e/22N e ratios for each trend including the 
uncertainties, and was obtained in the same manner as described previously in 
this chapter. The 21 Ne/22Ne end-member ratios are between 0.0328 and 
0.0375 for trend S-L (solar-like), approximately equal to 0.075 for trend M-L 
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Figure 6-3. Neon three isotope plot showing end-member 21Ne/22Ne ratios 
for step-wise crushing data from Icelandic samples reported by Trieloff et al. 
(2000) and Harrison et al. (1999) (see Figure 5-4 ). Note that two samples 
were analysed for each study, and that the samples for both studies were 
obtained from Midfell (see Chapter 4). The end-member 21Ne/22Ne ratio for 
trend T (Trieloff et al., 2000) is between 0.036 and 0.039, and that for trend H 
(Harrison et al., 1999) is between 0.042 and 0.052. 
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Mixing equations: helium and neon 
The helium and neon isotopic ratios of the mixture between two end-members 
(e.g., the plume and MORB end-members) are controlled by the fractions (f) of helium 
and neon from each end-member in the mixture. The fraction of MORB-derived helium 
in the mixture is defined here as: 
f M = 3HeM/(3HeM+3Hep), (6-8) 
where M stands for MORB and P for plume. The 4He/3He ratio of the mixture can then 
be written as: 
(4He/3He)Mrx = (4He/3He)M x fM + (4He/3He)p x (1- fM) 
Similarly, the fraction of MORB-derived neon in the mixture can be defined as: 
FM= (22Nes)M/[(22Nes)M + (22Nes)p] 
so that the 21Ne/22Ne ratio of the mixture is described by equation (6-11): 




The 3He/ N e8 ratio of the mixture is dependent on the fractions of helium and neon and 
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Model results: mixing plume- and MORE-derived helium and neon 
Using the end-member isotopic ratios in the equations described above, mixing 
between plume-derived and MORE-derived gases produces a series of curves for 
different values of R;;~e in a plot of 3He/4He versus 21 Ne/22Ne (Fig. 6-4). The R;;~e 
values are intended to describe only the relative degrees of fractionation required to 
produce the observed isotopic ratios, because as explained previously, the composition of 
the solar end-member helium isotopic ratio is not well constrained. Because sample ice-
9, from this study and the samples analyzed by Harrison et al. (1999) and Trieloff et al. 
(2000) are from the same quarry, their helium and neon isotopic compositions are 
evaluated to determine whether they have been produced by a mixture of the plume and 
MORE end-member components with the same isotopic ratios , but with different R;~~e · 
A mixture of plume and MORE-derived gases with an R;;~e value of at least 5 
(Fig. 6-4) may explain the results from this study, represented by the square labelled " S -
L" (which stands for "Solar-Like" as described previously in this chapter) in Figure 6-
4 and those reported by Trieloff et al. (2000) (labelled "T"). In comparison, the results 
from Harrison et al.(1999), shown as a rectangle labelled "H" in Figure 6-4, may be 
PM · PM produced by lower RH;,Ne values near 1-2. Stlll lower RH;,Ne values near 0.03 to 0.1 are 
required to explain the compositions of samples from this study with 3He/4He ratios 
from 12 to 20 Ra that are coupled with MORE-like neon isotopic ratios (box labelled 
"M-L" in Fig. 6-4). This is the opposite sense of fractionation needed to explain the 
isotopic compositions of the other Icelandic samples from this study that require R;;~e 
values of near 5. 
The model to describe mixing between noble gases in the plume and MORE end-
members with different R;~~e values appears to explain all the results from this study, as 
well as those reported by Harrison et al. (1999) and Trieloff et al. (2000). Such a large 
range in R;~e values (0.03 to 5) requires a significant range of fractionated 22N es/3He 
ratios in the plume and/or MORE end-members (see Fig. 2-20). The degree of 
fractionation of the 22N es/3He ratios in the plume and MORE end-members is a very 
important topic, but discussion of this topic is def erred to Chapter 7 because the 
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Figure 6-4A and B (blow-up of figure in A). Plots of 3He/4He versus 
21Ne/22Ne showing mixing curves between the plume and MORB end-
members (circles) that pass through the end-member ratios from this study 
and previous noble gas studies of Icelandic basalts (rectangles). The 
"Plume" end-member has a 3He/4He ratio of 100 Ra and a solar 21Ne/22Ne 
ratio (see text), and the MORB end-member has a 3He/4He ratio of 8.5 Ra and 
an end-member 21 Ne/22Ne ratio of 0.075. Calculated mixing curves show the 
compositions that would be produced by mixtures of noble gases from the 
plume and MORB end-members with R;~~e values of 5, 2, 1, 0.2, 0.1 and 
0.03. Some of these curves intersect the rectangles labelled S-L, T, H, and M-L 
(see Figs. 6-2 and 6-3). (1) S-L = "Solar-Like", samples from this study with 
neon isotopic ratios near the air-solar mixing line (21 N e/22N e ratios in the 
range of 0.0328 - 0.0375, 3He/4He from 17 - 30 Ra); (2) M-L - · "MORB-
like" samples from this study with neon isotopic ratios near the MORB trend, 
but relatively high 3He/4He ratios (end-member 21Ne/22Ne = ~0.070 - 0.075, 
3He/4He ratios from 12 - 20 Ra); (3) H = Harrison et al., (1999), (21 Ne/22Ne 
ratios = 0.042 - 0.052 and 3He/4He ratios from 15 - 18 Ra); ( 4) T = Trieloff 
et al. (2000), (21Ne/22Ne ratios= 0.036 - 0.038, and 3He/4He = 17 - 18 Ra). 
These plots show that the decoupled helium and neon isotopic ratios can be 
produced by mixing noble gases derived from the plume and MORB end-
members using a range of R;~~e values. A curve with an R;~~e of 5 passes 
through both end-member S-L and end-member T, but a lower R;~~e of 1 to 
2 is needed to explain end-member H. Still lower values of R;~~e near 0.03 
best explain the composition of end-member M-L. 
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Summary 
A mixture of plume and MORB-derived noble gases with an R;~e value of 
approximately 5 best describes the results from this study with near-solar neon isotopic 
ratios and the results reported by Trieloff et al. (2000). The results of Harrison et al. 
(1999) are best described by lower values of R;~e in the range of 1 to 2. Still lower 
R;~~e values near 0.1 to 0.03 are needed to explain the data from this study with 
MORB-like neon isotopic ratios. Mixing between noble gases from the plume and 
MORB end-members provides one possible explanation for the observed variation in 
helium and neon isotopic ratios in samples that were obtained from the same quarry (but 
possibly different flow units) including sample ice-9, from this study, and samples from 
Harrison et al. (1999) and Trieloff et al. (2000). The range in R;~e values required to 
explain the range in helium and neon isotopic ratios requires fractionated 22Nes/3He 
ratios in the end-member plume and/or MORB component, as will be discussed in 
Chapter 7. 
6.4.2 Mixing plume- and MORR-derived neon and argon 
Given that the decoupled helium and neon isotopic ratios may be explained 
satisfactorily by mixing between gases derived from the Icelandic plume and MORB, it is 
necessary to show that the argon isotopic ratios are also consistent with this process. By 
comparing the helium, neon and argon isotopic ratios, it is possible to show that part of 
the variation in 40 Ar/36 Ar ratios in Icelandic basalts may be caused by mixing between 
plume and MORB-derived argon. 
Neon and argon isotopic ratios in mantle-derived samples may be compared in 
both plots of 20Ne/22Ne versus 40Ar/36Ar (Fig. 6-5) and 21Ne/22Ne versus 40Ar/36Ar 
(Fig. 6-6). The plot of 20Ne/22Ne versus 40Ar/36Ar (Fig. 6-5) shows three main trends 
(I, II and III) that intersect the atmospheric composition. Trend I is defined by the data 
from this study, comprised of individual gas extractions released by step-heating, 
including the olivine data with near-solar neon isotopic ratios; trend II is defined by step-
wise crushing data reported by Harrison et al. (1999) and Trieloff et al. (2000), plus 
some of the data from this study (note that the end-member compositions of the data that 
lie along trend II are also intermediate between the plume and MORB end-member 
compositions in plots that include helium and neon isotopic ratios in Figures 6-2, 6-3, 6-
4 ); and trend ill is defined by data from the MORB popping rock (Moreira et al., 1998). 
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Figure 6-5. 20Ne/22Ne versus 40Ar/36Ar plot showing Icelandic data from 
this study and those of Harrison et al. (1999) and Trieloff et al. (2000), as well 
as data from the MORB popping rock (Moreira et al., 1998). The trends 
formed by the data converge at the atmospheric ratio, labelled "A." Some of 
the olivine data from this study lie on a near-vertical trend, with a range of 
20N e/22N e ratios from atmospheric to 13 .2 ± 1 and relatively low 40 Ar/36 Ar 
ratios (trend I). Note that the end-member 40Ar/36Ar ratio of trend I cannot 
be determined from this plot because at high 20Ne/22Ne ratios there may not 
be a linear relationship between neon and argon isotopic ratios (indicated by 
dashed line for trend I). Most of the remaining data from this study form a 
trend with a shallower slope, similar to that formed by the data from Harrison 
et al., (1999) and Trieloff et al. (2000) (trend II). The data from Harrison et 
al. (1999) have a maximum 40Ar/36Ar ratio near 7000 and a maximum 
21 N e/22N e ratio near the solar ratio. The MORB data define trend III, with an 
end-member 40 Ar/36 Ar ratio near 40,000. The data that define these three 
trends are not necessarily related to the data that define the solar-like and 
MORB-like trends in the neon three-isotope plot, because samples with a range 
of different 21 Ne/22Ne end-member ratios lie on trend II. 
In Figure 6-6 (a plot of 21Ne/22Ne versus 40ArJ36Ar), only two of the main trends 
are visible: trend II and trend III. Trend I is not clearly visible in this plot because the 
data from this study that defined trend I in Figure 6-5 overlap the data forming trends II 
and ill. Interestingly, the data reported by Trieloff et al. (2000) do not lie on trend II, as 
they do in Figure 6-5, but instead lie on trend ill, defined by the MORE data. Although 
the neon and argon data from Trieloff et al. (2000) appear to have been produced by 
mixing between M ORB-like and atmospheric gases in Figure 6-6, this is not the case. 
As shown in Figure 6-3, the data reported by Trieloff et al. (2000) define a mixing trend 
with atmospheric neon that is distinct from the MORB trend, and the end-member 
21Ne/22Ne ratio ( ~0.038) is distinct from MORE end-member ratio (0.075). Thus, the 
neon data reported by Trieloff et al. (2000) clearly cannot be explained as being 
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produced by mixing between a MORB end-member neon isotopic composition with 
atmospheric gases (see also Fig. 6-5). The calculations below will show that the 
compositions of the data in Figures 6-5 and 6-6 are consistent with mixing between 
plume and MORE-derived gases, and that these mantle-derived gases subsequently mix 
with atmospheric gases. 
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Figure 6-6. 21 N e/22N e versus 40 Ar/36 Ar plot showing data from the same 
sources as in Figure 6-5, above. The atmospheric ratio is the square labelled 
"A." Most of the data from well-shielded (w.s.) olivine from this study 
overlap the data from Harrison et al. (1999) that lie along trend II so that 
·trend I is not visible in this plot. Interestingly, (unlike in Figure 6-5) the data 
from Trieloff et al. (2000) do not lie on trend II, but instead lie on trend III, 
defined by the MORE data. It appears from this plot that the data reported by 
Trieloff et al. (2000) could be explained by mixing between air and MORE 
end-members. This is not the case: the data reported by Trieloff et al. (2000) 
cannot be explained as being produced by mixing between a MORE end-
member neon isotopic composition with atmospheric gases because the end-
member 21 N e/22N e ratio is distinct from the MORB end-member ratio (Figure 
6-5 and see text for explanation). 
Summary 
The data that define trend II have neon and argon isotopic mantle end-member 
compositions that lie between those of trend I and trend III in Figure 6-5. This allows 
the neon and argon isotopic compositions of trend II to be modelled as the product of 
mixing between the noble gas mantle end-members for trends I and III. 
Mixing calculations 
Calculations similar to those shown above to describe mixing between plume and 
MORE-derived helium and neon are used below to describe mixing between neon and 
argon. These mixing calculations use the variations in the measured 21 N e/22N e ratio to 
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model the data because the 20N e/22N e ratios are assumed to be equal to the solar ratio of 
13.8 in the plume and MORB end-members. Subsequent to mixing between the plume 
and MORB noble gas end-members, a second stage of mixing between mantle-derived 
and atmospheric noble gases is suggested by trends that intersect the atmospheric 
composition in plots of 20Ne/22Ne versus 40Ar/36Ar (Fig. 6-5) and 21Ne/22Ne versus 
40 Ar/36 Ar (Fig. 6-6). 
End-member compositions: neon and argon 
The MORB end-member is estimated to have a 40 Ar/36 Ar end-member ratio of at 
least 40,000 (Moreira et al., 1998) (see Figure 6-5). This value is used as the MORB 
end-member ratio in the calculations, but the general interpretations made here are not 
greatly affected by the exact value of the MORB 40 Ar/36 Ar ratio. The argon isotopic 
ratio of the plume end-member is not well constrained. It has been claimed that the 
mantle source with high 3He/4He ratios has a 40 Ar/36 Ar ratio of about 3000-6000 
(Farley and Neroda, 1998, and references therein). If mixing of noble gases occurs 
between the plume and MORB end-member components, the maximum 40Ar/36Ar ratio 
in Icelandic samples from this study (approximately 1000) may be comprised of plume-
derived argon (40 Ar/36 Ar)p, MORE-derived argon (40 Ar/36 Ar)MORB, and atmospheric 
argon (40Ar/36Ar)AIR· Hence, the 40Ar/36Ar mantle end-member composition of 
Icelandic basalts cannot be accurately determined from the measured ratios. It can, 
however, be estimated if the 22N e/36 Ar ratio of the mantle is known. Data reported by 
Moreira et al. (1998) for the MORB popping rock suggest that at an end-member solar 
20Ne/22Ne ratio of 13.8, the 22Ne/36ArMantle ratio is 0.096. For an Icelandic plume (P) 
end-member 21Ne/22Ne ratio of 0.03515 + 0.0024 (total range of 0.0328 to 0.0375), and 
a 21Ne*J40Ar* production ratio of 6.36 x 10-8 (see Chapter 2), the range in the 
40ArJ36Ar ratio of the Icelandic plume source may be obtained using equation (6-14): 
( 40 Ar/36 Ar) =(40 Ar/36 Ar) . .. + p · 1mt1al 
(( 21Ne/22Ne) -(21Ne/22Ne) )) x (22Ne ;36 Ar) p solar S mantle (6-14) 
40Ar *) ( 21 Ne * / production 
Because the 40 Ar/36 Ar ratio is based on the amount of 21 Ne*, the 40 Ar/36 Ar ratio of the 
Icelandic plume source is predicted to approach the estimated initial 40 Ar/36 Ar ratio in the 
Earth (less than 1 for either the solar or the meteoritic ratio, see Chapter 2, Table 2-5) for 
a 21Ne/22Ne ratio near the solar ratio of 0.0328. The maximum end-member 40Ar/36Ar 
ratio of 7100 is estimated for the maximum extrapolated 21Ne/22Ne ratio of 0.0375. A 
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lower 40Arf36Ar of ~3500 is predicted if the mantle plume source 21Ne/22Ne ratio is 
equal to the median extrapolated ratio of 0.03515. This 40 Ar/36 Ar of 3500 will be used 
as composition of the plume end-member. Use of a somewhat lower or higher 40Ar/36Ar 
would not change the general interpretations made here. The plume and MORB end-
member compositions will be used to generate a series of mixing curves by varying 
R;;~,, where R;;~, = (36Ar/22Nes)p/(36Ar/22Nes)MORB· The equations used for the 
mixing calculations for neon and argon are identical in form to those shown previously 
for mixing between helium and neon in the plume and MORB end-members. 
Step 2: S-L + AIR 
End-member mixtures: E] 
Step 1: 
Step 1: 
RHe-Ne, Plume+MORB = 
( 22Nes/ 3He )p / (22Nes/ 3He )M 
RNe-Ar, Plume+MORB = 
( 36Ar / 22 Nes)r / (36Ar / 22N es)M 
RNe-Xe, Plume+MORB = 
(130.Xe/ 22Nes)r / (130.Xe/ 22Nes)M 




(MORB + Plume)MIX + A1R 
Figure 6-7. Diagram showing the postulated stages of mixing between the 
plume and MORE noble gases (step 1 ), followed by mixing between 
atmospheric noble gases and end-member mixtures S-L (solar-like), H 
(Harrison) and M-L (MORE-like composition). Addition of atmospheric 
noble gases is shown as a separate stage from mixing mantle noble gases for 
simplicity, though it is possible that these processes do not occur in two 
distinct stages in nature. The ratio R;;~e is used in the equations describing 
mixing between plume (P) and MORE (M)-derived helium and neon, R;;~, is 
used in the mixing equations for plume and MORE-derived neon and argon, 
etc. The subscript "MIX" indicates a mixture of plume and MORE-derived 
gases represented by end-members S-L, Hor M-L. 
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Mixing Equations: neon and argon 
gM = (22Nes)M/[(22Nes) M+(22Nes)p], 
(21Ne/22Ne)Mrx = (21Ne/22Ne)M x g + (21Ne/22Ne)p x (1-gM) 
G - 36Ar /(36Ar +36Ar) M- M M P 
(40Ar/36Ar)Mrx = (40Ar/36Ar)M x GM+ (1-GM) x (40Arf36Ar)p 






(22Ne/36Ar)Mrx = (22Ne/36Ar)M x 1/[gM + (1-gM) x (36Ar/22Ne8)pl(36Ar/22Ne8)M] (6-20) 
RP,M = (36 Ar/22N e ) '(36 Ar/22N e ) Ne ,Ar S P' S M (6-21) 
Model Results: mixing plume- and MORE-derived neon and argon 
Calculations to describe mixing between the plume and MORB end-members 
have been performed using a range of R;;~, values ( R;;~, = 0.1, 0.5, 1, and 2). These 
R;;~, values produce a series of mixing curves in the plot of 21Ne/22Ne versus 
40 Ar/36 Ar (Fig. 6-5). These curves do not fit the data because the mantle noble gases 
have subsequently mixed with atmospheric gases, as will be explained below. The 
calculated mixing curves show that by varying the 22N e8/36 Ar in one or both of the 
plume and MORB mantle end-members, it is possible to change the relationship between 
the 21Ne/22Ne ratios and the 40Ar/36Ar ratios. For example, along the mixing curve for 
R;;~, equal to 0.1, the 21Ne/22Ne ratios remain close to the solar ratio over a large range 
of 40 Ar/36 Ar ratios. In contrast, at higher R:;~, near 2, the 21 N e/22N e ratios are only 




Q) 0.06 ~ ~ 
~ t ice-4 
Q) 0.05 z 
-N 
0.04 6 
Noble gas isotopic ratios in Icelandic basalts 
I <11111~ I 
105 
<> w.s. olivine 
o p.s. olivine 
O glass, step-heat 
• glass, totals 
l'.!I MORB Moriera 
et al. (1998) 
• Trieloff et al. (2000) 
• Harrison et al. 
(1999) 
Figure 6-8. Plot of 21Ne/22Ne versus 40Ar/36Ar showing the range of 
compositions produced by mixing the plume and MORB end-members for a 
range different values of R;;~r (0.1, 0.5, 1 and 2), where R;;~r = 
(36 Arf22N es\/(36 Ar/22N es)MORB. See text for explanation. The box labelled 
M represents the MORB end-member, P represents the plume end-member 
composition, and A stands for AIR. Clearly, the MORB data from the 
popping rock have not mixed with the plume-derived gases, and the MORB 
data define a curve that only by coincidence lies near the curve defined by 
R;;~r = 2. The compositions of all other data are interpreted to have been 
produced by mixing noble gases from end-members M and P. The data are 
postulated to have had mantle compositions that originally lay on one of the 
mixing curves, and to have subsequently mixed with atmospheric gases to 
produce the observed trends, as is described below. 
6.4.3 Mixing atmospheric and mantle-derived neon and argon 
Atmospheric contamination, or exchange of atmospheric gases with mantle-
derived gases, is observed in all noble gas data (except helium data) from mantle-derived 
samples. The observed noble gas isotopic compositions of these samples define 
apparent mixing trajectories that pass through the atmospheric composition (Farley and 
Neroda, 1998). Figure 6-9 is schematic diagram showing how a mantle noble gas 
component with a composition that lies on a curve with a given R;;~r may mix with the 
atmospheric end-member. It is easy to imagine how, for a given mantle end-member in 
Figure 6-9, the addition of atmospheric neon and argon could produce the observed 
trends in the data shown in Figure 6-8. In Icelandic basalts, the initial 40 Ar/36 Ar ratio of 
a mantle end-member produced by mixing between plume and MORE-derived gases is 
unconstrained. However, using the data from Harrison et al. (1999) as an example, a 
mantle component with an end-member 21Ne/22Ne ratio of ~0.047 may have lain on the 
curve with R;;~r equal to 0.1. Addition of noble gases with atmospheric isotopic ratios 
would then produce the observed trend in the data shown in Figure 6-8. 
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Calculating the shape of the mixing curves between the mantle and atmospheric 
end-member compositions in Figure 6-9 would require estimates of the 22N e/36 Ar ratios 
in the atmospheric and mantle end-members. This is because the shape of the curve 
would be controlled by R1:e~:;e,AIR = (36Ar/22Ne)AIR/(36Ar/22Ne5)MIX (Fig. 6-7). 
However, although the isotopic neon and argon ratios of the atmospheric end-members 
are well-constrained, the elemental 22Ne/36Ar ratio of the atmospheric end-member is 
unconstrained. This is because the means by which atmospheric noble gases were 
introduced to the magma is not known. One possible mechanism is that atmospheric 
noble gases in seawater contaminated the mantle-derived gases (Patterson et al., 1990). 
Alternatively, as Icelandic rocks may have interacted with hydrothermal meteoric water 
that is present in pores and fractures within the Icelandic crust (Hemond et al., 1993), 
atmospheric noble gases may have been introduced into the magma via interaction with 
hydrothermal meteoric water. Atmospheric gases may also have been introduced to the 
lava during eruption. The 22Ne/36Ar ratio of the atmospheric end-member would be 
different for each of these three cases. Although interesting, the process by which mantle 
noble gases mix with the gases from the atmosphere is considered to be of secondary 
importance here, as the main aim of the modelling is to show that Icelandic basalts in this 
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Figure 6-9. 21N e/22Ne versus 40 Ar/36 Ar plot with (1) calculated m1x1ng 
curves between P and M end-members, as shown in Fig. 6-8 (solid curves), and 
(2) schematic mixing curves between mantle mixtures and atmospheric end-
member compositions (dashed curves). Mixing between the plume and 
MORB end-members produces an intermediate noble gas composition lying 
on one of the solid curves that are defined by different values of R;;~r . This 
gas with an intermediate composition then mixes with gases that have 
atmospheric isotopic ratios to produce the observed trends in the data in 
Figure 6-8. Mantle noble gas mixtures with Ri;~rnear 0.1 may have a wide 
range in 40 Ar/36 Ar ratios at near-solar 21 N e/22N e ratios, and subsequent 
addition of atmospheric noble gases with different R1:;~;e,AIR may cause the 
data to lie along trends such as that defined by the data from Trieloff et al. 
(2000) that intersect the atmospheric composition in Figure 6-8. 
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Summary and discussion 
Mixing between plume and MORE-derived gases may provide a general 
explanation for the range in neon and argon isotopic ratios in the results from this study, 
as well as the results from previous studies (Harrison et al., 1999; Trieloff et al. , 2000). 
The model suggests that samples with solar-like neon isotopic ratios may have a large 
range of 40 Ar/36 Ar ratios, depending on the values of Ri~~, . Previous investigators have 
suggested that the Icelandic basaltic samples with relatively high measured 40 Ar/36 Ar 
ratios near 2000 do not contain a MORB component of argon (Burnard et al., 1994) (see 
Chapter 5). Although the 40 Ar/36 Ar ratios near 2000 are lower than the plume 40 Ar/36 Ar 
ratio of 3500 calculated from equation (6-14), it is quite possible that the measured ratio 
represents a mixture of plume-derived, MORE-derived and atmospheric argon (Figure 6-
9). The postulated mixing between plume and MORB noble gas end-members appears 
to explain the decoupled helium and neon isotopic ratios. The observed 40 Ar/36 Ar ratios 
may also reasonably be explained as the product of mixing between these end-members, 
followed by addition of atmospheric argon, as is explained further below. 
6.4.4 Mixing plume- and MORR-derived helium and argon 
The models shown above describe mixing between the plume and MORB end-
members for helium and neon, as well as neon and argon. It follows that the model 
should also apply to mixing between helium and argon. Figure 6-10 shows the helium 
and argon data from this study, as well as data reported by Burnard et al. (1994), 
Harrison et al. (1999) and Trieloff et al. (2000). The data reported by Harrison et al. 
(1999) span a large range of 40Ar!36Ar ratios from near-atmospheric values to 7000 at 
near-constant 3He/4He ratios from 15.6 to 18.4 Ra. Data reported by Trieloff et al. 
(2000) have a maximum 40 Arf36 Ar ratio of 4350 and near-constant 3He/4He ratios of 17 
to 18 Ra. Data reported by Burnard et al. (1994) have a slightly lower range of 3He/4He 
ratios from 12.8 to 16.8 Ra and maximum 40Arf36Ar ratios of near 2000. The data from 
this study have the largest range of 3He/4He ratios (12 - 30 Ra), but the range in 
40Arf36Ar ratios is relatively small, with a maximum ratio near 1000. 
Using the same compositions for the plume and MORB end-members as m 
previous calculations, mixing curves are shown for R;~;e= 5 and Ri~~, = 0.1 , 0.2, 1, 2 
(Fig. 6-10). These mixing curves suggest that the range in 40 Ar/36 Ar ratios observed 
Icelandic basalts may be produced by three end-member mixing, that is, between plume-
derived, MORE-derived and atmospheric argon. The mantle helium and argon isotopic 
compositions are interpreted to have initially lain on mixing curves between the plume 
and MORB end-members in Figure 6-10. Subsequent addition of atmospheric argon is 
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then postulated to cause the 40 Ar/36 Ar ratio to decrease towards the atmospheric ratio. In 
contrast, the 3He/4He ratios remain constant owing to the relatively low abundance of 
helium in the atmosphere (5 ppm, Ozima and Podosek, (1983)). The measured 
40 Arf36 Ar ratio that is associated with a given 3He/4He ratio in Icelandic basalts is here 
interpreted to depend principally on two factors. The first is the initial mantle ratio, which 
may depend on the R;~~e and R;~~r values of the mixtures of plume and MORB noble 
gas end-members. The second is the amount of atmospheric contamination of the 
sample. Contrary to previous interpretations (Burnard et al., 1994), the presence of a 
plume-derived component of helium as indicated by the 3He/4He ratios in Icelandic 
samples does not necessarily require that the mantle argon is entirely plume-derived. 
Both the measured helium and the measured argon ratios may contain MORB-derived 
components. A component of MORB-derived argon may contribute to the relatively 
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Figure 6-10. Plot of 3He/4He versus 40Ar/36Ar showing both calculated 
mixing curves and the data from this study, and those of Burnard et al. (1994), 
Harrison et al. (1999) and Trieloff et al. (2000). The data reported by 
Harrison et al. (1999) span a large range of 40 Ar/36 Ar ratios from near-
atmospheric values to 7000 at near-constant 3He/4He ratios from 15 .6 to 18 .4 
Ra. Data reported by Trieloff et al. (2000) have 40 Ar/36 Ar ratios of up to 
4350 at 3He/4He ratios from 17 to 18 Ra. Data reported by Burnard et al. (1994) have maximum 40Ar/36Ar ratios of near 2000 and 3He/4He ratios of 
12.8 to 16.8 Ra. The data from this study have the largest range of 3He/4He 
ratios (10 - 30 Ra), and the smallest range in 40 Ar/36 Ar ratios, with a 
maximum ratio near 1000. The calculated mixing curves are shown for R;~e= 5 (see Fig. 6-4) for a range of R;;~r values (solid lines) (0.1, 0.2, 1, 
2). Note that slightly different curves would be produced for R;~~e= 1 to 2 
values that fit the helium and neon isotopic data from Harrison et al. (1999). 
The relatively large range in 40 Ar/36 Ar ratios over much smaller ranges in 
3He/4He ratios from this and previous studies is interpreted to arise from 
addition of atmospheric argon to mantle noble gases that initially had 
compositions that lay along one of the mixing curves. 
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6.4.5 Plume- versus MORR-derived xenon 
The preceding models and discussion suggest that mixing between plume and 
MORE-derived noble gases may explain the range in helium, neon and argon isotopic 
ratios in Reykjanes Peninsula basalts from this study, as well as those of Harrison et al. 
(1999) and Trieloff et al. (2000). The following discussion seeks to evaluate whether 
xenon isotopic ratios may also be explained by the same process. 
Relatively high 129Xe/130Xe and 136Xe/130Xe ratios (compared with the 
atmospheric ratios) observed in mantle-derived samples from MOREs and OIBs 
(Chapter 2) may be attributed to decay of 129I and 238U (and possibly 244Pu), 
respectively. One general possible interpretation of the relatively high 129Xe/130xe ratios 
in mantle-derived samples is that the mantle source has been highly degassed of 
primordial 130xe (and the other isotopes of xenon) prior to the decay of all 129I to 
129Xe* (see Chapter 2). This interpretation is consistent with observed relatively high 
129Xe/130Xe ratios in the MORE popping rock, combined with other supporting 
evidence for loss of primordial gases from the MORE source (Chapter 2). Recently, 
relatively high 129Xe/130Xe and l36Xe/130Xe ratios have also been found in Icelandic 
basalts (Harrison et al. , 1999; Trieloff et al. , 2000) (Figure 6-11 ). This may suggest that 
the 129If130Xe 244Puf130Xe and 238U/130Xe ratios in the mantle source of the Icelandic 
' . 
plume were relatively high. Alternatively, the observed ratios in Icelandic basalts may 
have been produced by contamination of plume-derived xenon by MORE-derived xenon, 
when in fact the 129Ifl30Xe, 244pufl 30Xe and 238U/130xe ratios in the Icleandic plume 
source were relatively low (see Chapter 2, (Trieloff et al. , 2000 and references therein). 
The Icelandic sample from this study (ice-9g) that was used to define the mantle 
end-member near-solar neon isotopic ratios in the Icelandic plume source (section 6. 3 .1) 
is also the only sample from this study that has 129Xe/130Xe and 136Xe/130Xe ratios 
higher than the atmospheric ratios (Figure 6-11 and Chapter 5). Other samples from the 
same locality as ice-9g have less solar-like neon end-member isotopic ratios , and also 
have much higher 129Xe/130xe and 136Xe/130xe ratios (Figure 6-11) (Harrison et al., 
1999; Trieloff et al., 2000). As described above, these relatively high 129Xe/130Xe and 
136Xe/130Xe ratios may imply early degassing of primordial 130xe ( as well as the other 
isotopes of xenon) from the mantle material currently residing in the Icelandic plume 
source, prior to production of all the 129Xe* from decay of 129I. However, degassing of 
primordial l30Xe from the mantle component that preserves near-solar neon isotopic 
ratios appears difficult to reconcile with the postulated primitive, undegassed mantle 
component in the Icelandic plume source (Section 6.3.1.2). The following discussion 
evaluates the possible origin of the 129Xef130Xe and 136Xe/130xe ratios in sample ice-9g 
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to determine whether they can be reconciled with the near-solar neon isotopic ratios in the 
same sample. 
Mantle xenon isotopic ratios 
All mantle-derived samples that have non-atmospheric l29Xe/130Xe and 
136Xe/130Xe ratios lie along the same trend as the MORB data (Farley and Neroda, 
1998) (Fig. 5-16 and 6-11). The relatively high 129Xe/130xe and 136Xe/l30Xe ratios 
from OIBs, MORBs, diamonds, and CO2 well gases could mean that the entire mantle 
has elevated ratios. It is not possible to determine the whether the relatively high 
129Xe/130Xe and 136Xe/130Xe ratios in Icelandic basalts are the product of mixing 
MORB and plume-derived xenon using only xenon isotopic ratios. The possible 
presence of plume- and MORE-derived components of xenon in Icelandic samples may 
be further evaluated by comparison of xenon isotopic ratios with other noble gas isotopic 
ratios. 
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Figure 6-11. 129Xe/130Xe versus l36Xe/130xe, showing the data from a 
variety of sources (see legend), including the Icelandic data from . this study 
(ice-9g 1 and ice-9g2). All the xenon data lie on the same linear trend that 
intersects the atmospheric composition. Data sources: (Caffee et al., 1999; 
Moreira et al., 1998; Ozima and Zashu, 1991; Trieloff et al., 2000). 
Origin of elevated 129Xe/130Xe and 136Xe/130Xe ratios in Icelandic 
basalts 
A plume-derived component of xenon 
Although the MORB and Icelandic data lie on the same trend that intersects the 
atmospheric 129Xe/130Xe and 136Xe/130xe ratios (Fig. 6-11), it is fairly obvious from 
174 
Noble gas isotopic ratios in Icelandic basalts 
the preceding discussion that the Icelandic noble gases contain a plume-derived 
component and cannot be explained solely by mixing between MORE-derived and 
atmospheric gases. First, the 3He/4He ratios of the Icelandic data indicate the presence of 
a plume component because they do not all lie close to the MORE ratio of 8.5 Ra in 
Figures 6-13A (3He/4He versus 129Xe/130Xe) and B (3He/4He versus 136Xe/130Xe), but 
instead range from 16 to 20 Ra in these samples. Second, the neon isotopic 
compositions of Icelandic data from this study, and those of Harrison et al. (1999) and 
Trieloff et al. (2000) (Figs. 5-4, 5-9), clearly define unique neon isotopic end-member 
compositions that are distinct from the MORE end-member composition. Thus, because 
the Icelandic neon data are unlikely to have been produced solely by addition of 
atmospheric noble gases to a MORE-like noble gas component, it is also unlikely that 
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Figure 6-12A, plot of 3He/4He Ra versus 129Xe!130Xe, and Figure 6-12B, 
3He/4He Ra versus 136Xe/l30Xe, showing Icelandic data from this study (ice-
9g), that of Trieloff et al. (2000) and MORB data from the MORB popping 
rock reported by Moriera et al. (1998). These diagrams are similar to the 
3He/4He versus 40 Ar/36 Ar plot (Figure 6-10). The Icelandic data with 
relatively high xenon isotopic ratios have higher 3He/4He ratios (16-20 Ra) 
than MORBs (8.5 Ra) (shown as M in this plot). This means that the Icelandic 
noble gas data cannot be explained solely by addition of atmospheric noble 
gases to a MORB-like end-member. A plume-derived component of xenon 
may therefore be present. 
Neon and xenon ratios 
To evaluate the possible ong1n of the relatively high 129Xe/130xe and 
136Xe/130Xe ratios in mantle-derived samples from Iceland, it is useful to compare these 
ratios to the maximum ratios in MORBs, because the MORB source is likely to have 
been highly degassed of primordial noble gas isotopes. The upper mantle MORB-
source end-member xenon isotopic ratios may be estimated by comparing the 
I29Xe/130Xe and 136Xe/130xe ratios with the 20Ne/22Ne ratios from the MORB popping 
rock. Because the MORB popping rock has unfractionated elemental ratios compared 
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with the mantle primordial and production ratios (e.g., Moreira et al., 1998), a linear 
correlation exists between neon and xenon (Figs. 6-13A and 6-13B). The maximum 
129Xe/130Xe ratio in the upper mantle is ~8.2, and the maximum 136Xe/130Xe ratio is 
~2.75 if it is assumed that end-member 20Ne/22Ne ratio in the mantle is equal to the solar 
ratio of 13.8 (Moreira et al., 1998). 
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Figures 6-13A and 6-13B. Xenon and neon isotopic data from the MORB 
popping rock (Moreira et al., 1998). These plots suggest that the mantle has a 
maximum 129Xe/130Xe ratio of ~8.2 and 136Xe/l30Xe ratio of ~2.75 at a 
20Ne/22Ne ratio of 13.8 (solar ratio). 
Estimated 129xe*/130xe and 136Xe*/130xe in the Icelandic plume source 
To further evaluate the origin of relatively high 129Xe/130Xe and 136Xe/130Xe 
ratios in some Icelandic basalts (Figure 6-11 ), it is necessary to estimate the value of 
these ratios in the Icelandic plume source. In a previous section, the mantle 22N e/36 Ar 
ratio and the 40Ar*/21 Ne* production ratio were used to estimate the 40Ar/36Ar ratio in 
the Icelandic plume source using equation (6-14). A similar equation (6-22) cannot be 
used to calculate the initial the 129Xe/130xe ratio of the Icelandic plume end-member. 
Unlike the K/U ratio of the silicate Earth (12700) which is reasonably well known and is 
used to estimate the mantle 40 Ar* /21 Ne* production ratio, there are no good estimates of 
the (U + Th)/129I ratio that can be used to estimate the mantle 21 Ne*/129Xe* production 
ratio. 
(129Xe*/130Xe) =[ (( 21 Ne) -( 21 Ne) Jx 22 Ne ]}( 21 Ne*) (6_22) 
P 22Ne 22Ne 130Xe 129Xe * . 
P solar Mantle production 
In contrast, it may be possible to estimate the production of 136Xe* from fission of 
238U to obtain the l36Xe*/130Xe ratio in the Icelandic plume source (equation 6-23). 
There has been some debate over whether decay of 238U or 244 Pu produces the majority 
of 136Xe* in the mantle (see Chapter 2). The following calculations to estimate the 
Icelandic plume source l36Xe/l30Xe ratio will make the simplifying assumption that all 
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136Xe* is derived entirely from decay of 238U. The calculations assume that no fission 
products were lost following their production in the mantle, owing to being stored in a 









Ne * J (136Xe */130Xe)p = 22 e - 22 e x 130Xe 136Xe * . (6-23) 
P solar Mantle production 
Production ratio 
The amounts of 136Xe* produced over 4.5 Ga from fission of 238U may be 
calculated using equation ( 6-24) 
136x * _238 U( A23sut - l)Y 136 Xe* e - e 23su (6-24) 
where "Y" is the atom/atom fission yield of 238U to 136Xe* and is ~3.50 x lO-8 (Ozima 
and Podosek, 1983), A is 1.55 x 10-10 yr-1, 238U is the estimated uranium content in the 
primitive mantle of 1 x 1041 atoms based on a uranium content of 20 ppb. The calculated 
concentration of 136Xe* in the mantle from equation (6-24) is 6.58 x lO-14 cm3/g. The 
concentration of 21 Ne* produced over 4.5 Ga in the mantle is 1.45 x 10-12 cm3STP/g 
(Yatsevich and Honda, 1997). From these values, the 21 Ne */136Xe *23su production ratio 
is estimated to be 22. 
End-member elemental and isotopic ratios 
The 22N e/130xe ratio in the entire mantle is assumed to be equal to the ratio in the 
MORB popping rock (162) because, as discussed by Moreira et al. (1998), the elemental 
ratios of different noble gases (including 22Ne/130Xe) in the upper and lower mantles 
should be equal as long as no elemental fractionation occurred during outgassing of the 
upper mantle. The end-member 21Ne/22Ne ratio in the Icelandic plume source is 
estimated to be 0.035 (the estimated maximum and miniumum values of the 21Ne/22Ne 
ratio in the plume source are 0.033 to 0.038 including the uncertainties), which is the 
same value used previously to calculate the 40 Ar/36 Ar ratio in the Iceland1c plume source 
(see equation 6-14). 
238U -derived 136X e * 
The results of the calculation give a 136Xe*/130Xe ratio of 0.016 in the Icelandic 
plume source (equation 6-23). This value (0.016) plus the initial 136Xe/130Xe ratio in the 
mantle would give the Icelandic plume source ratio (i.e., (136Xe/130Xe )plume source = 
[(136Xe/130Xe). . . + (136Xe*/130Xe) ]) Inspection of Figure 6-11 shows that the m1t1al 4.5Ga • 
l36Xe/130Xe ratios in mantle-derived samples from MORBs range from 2.18 (the 
atmospheric ratio) to 2.6. Although the 136Xe/130xe ratio in the Icelandic plume source 
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is not known, addition of the calculated l36Xe*/130Xe ratio (0.016) to either the solar 
136Xe/130Xe ratio (1.66) or the atmospheric l36Xe/130Xe ratio (2.176) give 136Xe/130xe 
ratios that are slightly lower than (1.68) or similar to (2.19) the maximum observed 
l36Xe/l30Xe ratio from this study (2.22 + 0.03 in ice-9g). Thus, addition of fission 
136Xe* produced by decay of 238U may not greatly increase the 136Xe/130xe ratio in 
Icelandic plume-source from the initial ratio. These calculated 136Xe/130Xe ratios for the 
Icelandic plume source are much lower than the maximum observed ratio from a previous 
study of Icelandic basalts (2.32 + 0.03) by Trieloff et al. (2000). This high l36Xe/130xe 
ratio requires a separate explanation. 
The above evaluation suggests that there is only a minor amount of excess 
136Xe* in the Icelandic plume source so that the 136Xe!130xe ratio is likely to be close to 
the initial mantle ratio (atmospheric or solar). The relatively low estimated 136Xe/130xe 
ratio in the Icelandic plume source is unlikely to be explained solely by addition of 
atmospheric argon into the plume source via subducted material. As explained in 
Chapters 3, owing to the higher viscosity in the lower mantle, stirring of the mantle by 
convection should be more rapid in the upper mantle than in the lower mantle. If 
atmospheric xenon is carried into the mantle by subducted material, the upper mantle is 
likely to be more contaminated than the lower mantle. The relatively low estimated 
136Xe/130xe ratio may instead be related to a relatively low U/130xe ratio in the primitive 
undegassed component in the Icelandic plume source compared with that in the MORB 
source (see Chapter 2). The relatively high 136Xe/130xe ratios reported in a previous 
study of Icelandic basalts (Trieloff et al., 2000) may be explained if plume-derived xenon, 
that has relatively low l36Xe/130Xe ratios, is overwhelmed by mixing with MORB-
derived xenon, that has much higher l36Xe/130Xe ratios. 
Summary 
The noble gas data from this study were evaluated to determine whether the near-
solar neon isotopic ratios that are associated with 136Xe/130xe ratios slightly higher than 
the atmospheric ratio (by up to 2 % ) could be explained by either: ( 1) mixing plume-
derived xenon with MORE-derived xenon; or (2) production of fission of 136Xe* in the 
Icelandic plume source. The above evaluation shows that the 136Xe*/130Xe ratio in the 
Icelandic plume source (0.016) is likely to be relatively small. Although the initial 
l36Xe/l30Xe ratio in the plume source is not known, addition of this 136Xe*/130Xe to 
either the atmospheric or the solar 136Xe/130xe ratio would not increase the total 
136Xe/130xe ratio in the Icelandic plume source to values above the maximum measured 
136Xe/130Xe ratio in ice-9g (2.22 + 0.03). This measured 136Xe/130Xe is unlikely to 
preserve the mantle ratio owing to addition of atmospheric argon close to the time of 
eruption. Thus, although an estimated 136Xe/ 130xe ratio for the Icelandic plume source 
( ~ 2.19) is close to the measured ratio in ice-9g, the original 136Xe/130Xe ratio in ice-9g is 
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likely to have been higher. The 136Xe/130Xe ratio in ice-9g, as well as the much higher 
136Xe/130Xe ratios reported by Trieloff et al. (2000), may be explained if plume-derived 
xenon, with a relatively low 136Xe/130Xe ratio, was overwhelmed by mixing with MORB-
derived xenon, with relatively a high 136Xe/130Xe ratio. Addition of atmospheric xenon 
close to the time of eruption is then likely to have decreased the mantle-ratio to the 
observed values. Binary mixing between plume and MORB-derived noble gases may 
provide a reasonable explanation for the observed helium, neon, argon and xenon isotopic 
ratios in this study, and in previous studies of Icelandic basalts. 
6.5 Overall conclusions for Chapter 6 
The solar neon isotopic ratios observed in some Icelandic samples from this 
study suggest that primitive, undegassed material may be present in the lower mantle 
source of the Icelandic plume. The existence of primitive neon isotopic ratios preserved 
in these Icelandic basalts and in samples from the adjacent Mid-Atlantic Ridge (Poreda 
and Radicati di Brozolo, 1984 ), but not in mantle-derived samples from other localities, 
suggests that the mantle has highly heterogeneous ratios of primitive noble gases to 
parent radioactive isotopes (e.g., U, Th, 4°K). This study proposes that high 
N esolarf[U+ Th] ratios are preserved in relatively small bodies of primitive undegassed 
mantle in the Icelandic plume source. Thus, solar-like 3He/4He ratios, and relatively low 
40Ar/36Ar ratios compared with those in MORBs, may also be expected in these mantle 
bodies. However, the measured solar neon isotopic ratios are associated with 3He/4He 
ratios that are much lower than the solar ratio, implying that the helium and neon isotopic 
ratios are decoupled. 
Some noble gas isotopic heterogeneity is expected in the Icelandic plume source 
if the bodies of primitive, undegassed material exist on a relatively small scale within a 
matrix of less primitive mantle. Additional noble gas heterogeneity may be produced by 
mixing between noble gases from the plume and MORB end-member.s in the shallow 
upper mantle beneath the Icelandic crust. The gradients in 3He/4He ratios within the neo-
volcanic zones in Iceland and in MORBs along the Reykjanes Ridge (Chapter 5) suggest 
that entrainment of MORB melts may be responsible for the local variation in 3He/4He 
ratios. Such entrainment of MORB material is predicted by geophysical models to 
describe plume behaviour beneath spreading ridges. 
The decoupled helium and neon isotopic ratios in Icelandic samples from this 
study may be explained by mixing between plume-derived and MORB-derived noble 
gases if the elemental He/Ne ratios in the two end-members are fractionated relative to 
each other. Such mixing between plume and MORB noble gas end-members may also 
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be expected to produce systematic compositional variations in 40Arf36Ar, 129Xe/130Xe 
and l36Xe/130Xe ratios in Icelandic basalts. Subsequent contamination by atmospheric 
components of the noble gases ( excluding helium) may explain the observed variation in 
21Ne/22Ne, 40Arf36Ar, 129Xe/130Xe and l36Xe/130xe isotopic compositions reported in 
Icelandic basalts in this study, as well as those reported by Harrison et al. (1999) and 
Trieloff et al. (2000). Binary mixing of noble gases between the Icelandic plume and 
MORE end-members provides a reasonable explanation for the range in noble gas 
isotopic ratios in Icelandic basalts, though additional complexity may exist because the 
Icelandic plume end-member is likely to be heterogeneous. 
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CHAPTER7: NOBLEGASELEMENTAL 
ABUNDANCE RATIOS IN ICELANDIC 
BASALTS 
7.1 Introduction 
The majority of mantle noble gas studies focus on isotopic ratios in mantle-derived 
samples because they are not readily fractionated during partial melting or by diffusion. 
Thus, these samples provide information about the compositions of the mantle source 
reservoirs from which the magmas were derived (e.g., the MORB source). In contrast, 
owing to the differences in atomic radii and masses of the gases, elemental ratios of the 
noble gases are highly susceptible to fractionation during partial melting, fractional 
crystallization, bubble formation and diffusion-related processes (Honda and Patterson, 
1999). This makes the elemental ratios of noble gases potentially useful for obtaining 
information about the effect of melt generation and differentiation on noble gas 
abundances in both magmatic liquids and residual solids (Carroll and Draper, 1994), and 
thus on the nature of the mantle source regions, as well as on processes that have 
occurred during the transit of magma to the surf ace. 
One application of elemental ratios to understanding mantle processes showed 
that the mean primordial 3He/22Ne8 ratios of basaltic glass samples from OIBs (6 ± 1), 
and MORBs (10 + 2) are elevated relative to the solar 3He/22Ne8 ratio of 3.8 by 
approximately factors of 2 and 3, respectively. The gross average of all 3He/22Ne8 ratios 
in all mantle-derived samples is 8 + 3 (Honda and McDougall, 1998) (see Table 2-8). 
The elemental fractionation between helium and neon in OIBs and MORBs from the 
presumed initial solar composition was interpreted to be caused by solubility controlled 
degassing at an early stage in the Earth's evolution from a magma ocean (Honda and 
McDougall, 1998). The processes that cause elemental fractionation are unlikely to have 
caused isotopic fractionation, and the mantle end-member neon isotopic ratios are 
expected to be close to the solar composition (see Chapter 6). 
In a separate study by Moreira et al. (1998), the mantle 3He/22Ne8 ratio of the 
MORB popping rock (7.3) was found to be higher than the solar ratio (3.8). In contrast, 
the 3He/36Ar ratio of the popping rock (0.7) is much lower than the solar 3He/36Ar ratio 
(12.9, calculated from the solar ratios: 3He/22Ne8 x 22Ne8/36Ar = 3.8 x 3.4, values from 
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Geiss et al. (1972) and Pepin (1998)). Owing to the higher relative solubility of helium 
than both neon and argon in melt (Lux, 1987), the 3He/22Ne8 and the 3He/36Ar ratios of 
the residual melt should both be higher than the initial ratio in the melt fallowing 
solubility controlled degassing from the magma ocean (see Chapter 2). Other processes 
may have been involved in producing the observed relatively low 3He/36 Ar ratio in the 
MORB popping rock, assuming that the Earth's primitive material had a relatively 
unfractionated solar 3He/36 Ar abundance ratio. These examples show that understanding 
the variety of processes that produce fractionated elemental ratios in the mantle may 
ultimately be used to help understand the accretion and degassing history of the Earth. 
The elemental abundance ratios in Icelandic samples to be presented in this chapter 
may have been produced by unique processes that are related to the location of Iceland 
astride an active spreading ridge. As shown in Figure 7-1, mixing between plume and 
MORB-derived melts may occur in mantle regions below the Icelandic crust owing to 
entrainment of MORB-derived melts by the laterally-spreading Icelandic plume (see 
Chapters 3 and 6). As the plume and MORB magmas ascend to shallow levels near the 
base of the Icelandic crust, noble gas elemental fractionation may occur in the magma by 
processes related to the ascent and degassing of the magma. Mixing between plume and 
MORB-derived noble gases with a range of different elemental ratios (see Chapter 2, 
Figure 2-20) may produce a range of noble gas isotopic ratios (see Chapter 6). Dikes 
may sample different parts of the hybrid plume + MORB mixture and inject these 
magmas into crustal magma chambers (see Chapter 4). During intrusion of these dikes 
through the crust, additional elemental fractionation processes, such as diffusion, 
solubility controlled fractionation, and crystal-melt fractionation, may occur. As is 
suggested in the schematic cross-section of Iceland and the adjacent Mid-Atlantic Ridge 
in Figure 7-1, mixing between hybrid magmatic components may occur within Icelandic 
crustal magma chambers and produce additional heterogeneity in elemental and isotopic 
ratios of Icelandic basalts. 
In Chapter 6, binary mixing between MORB- and plume-derived noble gases was 
proposed as a possible means by which to explain the decoupled helium and neon 
isotopic ratios in Icelandic basalts. A range of R;~~e values was needed to explain the 
large range in observed helium and neon isotopic ratios. The large range· in R;~~e values 
requires that the 3He/22Ne8 ratios in the plume and/or MORB end-members also had a 
range of values. The 3He/22N e8 ratios in the mixture of elementally fractionated plume 
and MORB end-members should be intermediate between these end-members and lie 
within the range of compositions observed in OIBs and MORBs. In most cases, the 
observed 3He/22Ne8 ratios in Icelandic basalts are unlikely to preserve the 3He/22Ne8 
ratio of the plume + MORB mixture owing to subsequent elemental fractionation 
processes that may have occurred during ascent of the magma. However, in cases where 
Icelandic samples have elemental ratios that lie within the range observed in OIBs and 
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MORBs, there may not have been significant elemental fractionation following mixing. 
In such cases, it is possible to evaluate whether the R;~~e values that were proposed in 
' 
Chapter 6 to explain the decoupled helium and neon isotopic ratios are reasonable. For 
the remaining Icelandic samples, it is possible to show that following the postulated 
binary mixing, systematic fractionation processes produced the observed elemental ratios. 
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Figure 7-1. Schematic cross sections showing how the Icelandic plume melts 
may mix with MORB melts along the Reykjanes Peninsula (Iceland) and 
Reykjanes Ridge (Mid-Atlantic Ridge) (see chapter 4). Not to scale. The 
upper figure is an expanded version of the lower figure, and the range of 
colors shows the possible gradients in chemical composition that arise from 
entrainment of MORB melts (yellow) into the Icelandic plume (red). Such 
entrainment may explain the range in helium and lead isotopic compositions 
observed in Reykjanes Ridge (MORB) basalts described in Chapters 4 and 5. 
The dikes (thin lines) that feed the crustal magma chambers (ellipses) and 
eruptions along the Reykjanes Peninsula (Iceland) may tap different parts of 
this heterogeneous mixture of plume and MORB melts, giving rise to a range 
of isotopic and elemental ratios in the magma chambers. Additional elemental 
fractionation (but not isotopic fractionation) may occur as the magmas ascend 
via dikes to the surface. 
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7.2 Reference mantle ratios, and calculating elemental 
abundances from measured data 
The initial noble gas elemental ratios in the mantle may be estimated from the 
mantle production ratios for radiogenic isotopes, and from estimates of the solar ratio for 
the primordial isotopes, assuming solar neon end-member isotopic ratios in the mantle 
(see Chapter 2). The degree of fractionation of measured noble gas elemental ratios in 
Icelandic mantle-derived samples will be evaluated by comparing them with these initial 
ratios. 
7.2.1 Helium 
The calculation of noble gas elemental ratios from measured isotopic ratios was 
explained in Chapter 2. With the exception of a few partly-shielded samples that show 
evidence for the presence of a component of cosmogenic 3He (see discussion below and 
in Chapter 6), all 3He will be considered primordial, i.e., trapped within the Earth during 
or shortly after accretion. 
7.2.2 Neon 
The measured neon concentrations in Icelandic basalts include primordial, 
nucleogenic and atmospheric gases. In some partly-shielded olivine samples, a 
cosmogenic neon component may also be present. Because cosmogenic 21 Ne 
production is coupled with cosmogenic 3He production (see Chapters 2 and 6), 
cosmogenic components produce different trends in elemental abundance plots than 
those that are produced by the coupled radiogenic and nucleogenic components, 4 He and 
21 Ne*. In gases released from step-heated olivine, addition of a cosmogenic component 
of 21 Ne (21 Nee) lowers the mantle 4He/21 Ne* ratio (4He/(21 Ne* + 21 Nee)), and 
addition of 3He (3Hee) elevates the mantle 3He/22Ne8 ratio ((3HeMantle + 3Hee)/22Ne8). 
Measured elemental ratios in Icelandic basalts that may contain significant amounts of 
3Hec and 21 Nee (e.g., sample ice-4, see chapter 6) are labeled in the elemental abundance 
plots that will be shown in subsequent sections. Because there is little difference in the 
calculated concentrations of excess 21 Ne whether the cosmogenic or nucleogenic end-
members are used (see Chapter 6), the nucleogenic end-member will be used here, 
assuming that no cosmogenic neon is present. To obtain the mantle elemental ratios, the 
atmospheric components must be subtracted. The equation and end-member 
compositions used to calculate the concentrations of 21 Ne* and 22Ne8 were described in 
Chapter 2 (equation 2-2) and in Chapter 6. 
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7.2.3 Argon 
The calculation of the radiogenic component of 40 Ar in mantle-derived samples, 
40 Ar*, was described in Chapter 2 ( equation 2-11 ). 
7.3 Mechanisms of elemental fractionation 
Descriptions of processes that cause elemental fractionation of noble gases in the 
melt, gas and crystalline phases were given in Chapter 2. Some of these points are 
briefly summarized here. 
7.3.1 Fractionation by diffusion 
In general, the diffusivities of the noble gases in silicate liquids increase with 
decreasing atomic radius, r, ( or mass) and obey a linear relationship with 1/r2 (Hart, 
1984; Kurz and Jenkins, 1981; Lux, 1987; Roselieb et al., 1995). Thus, if gas loss from 
a magma occurs at a magma/wallrock interface, the relatively light gas will be supplied 
faster to the interface, and will be preferentially lost over the heavier gases. Under certain 
conditions, mass fractionation by diffusion may cause enrichment of the heavier 
component relative to the lighter component in the residual melt. The degree of elemental 
fractionation caused by diffusion is likely to be relatively small compared with that which 
could be produced by multistage solubility controlled fractionation (Chapter 2). 
7.3.2 Solubility controlled fractionation 
The calculated trends that would be produced by multistage solubility controlled 
fractionation during bubble formation were shown in Chapter 2. These trends will be 
compared with the trends formed by the Icelandic data in this chapter. 
7.3.3 Partitioning of noble gases between crystals and melt 
Noble gas elemental ratios in melt and crystalline phases may be fractionated 
during crystallization or during melting. The elemental ratios in the crystalline (in this 
study, olivine) and melt phases following crystallization are likely to be dependent in part 
on the manner in which the gases are incorporated in the olivine. Gases may be 
incorporated in (1) fluid inclusions or (2) point defects in the olivine lattice (Carroll and 
Draper, 1994). Estimating the degree of elemental fractionation that would be produced 
by crystal-melt fractionation requires knowledge of crystal-melt partition coefficients. 
Experimental determinations of noble gas crystal-melt partition coefficients (Carroll and 
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Draper, 1994) have yielded a wide range of values, making it difficult to calculate the 
expected degree of fractionation that would be produced in the residual melt by this 
process. 
7.4 Results: Icelandic elemental abundance ratios 
The elemental abundance data from olivine and glass separates from Icelandic 
basalts are shown in Figure 7-2A-H and are compared with data from previous studies 
(Honda and Patterson, 1999) in Figure 7-3A-H. The Icelandic elemental abundance data 
presented from this study do not include the results with uncertainties >50% of observed 
ratio, nor do they include those that were not completely melted during step-heating 
experiments (Appendix 3). The olivine separates obtained from samples that were well-
shielded from cosmic rays are distinguished from those that were only partly shielded 
(Chapter 6). Because the uncertainties in different elemental abundance ratios vary, not 
all samples appear in all plots. For example, some samples that have near-solar 
21 Ne/22Ne ratios have little 21 Ne*, resulting in large uncertainties in the amount of 
21 Ne*. These samples do not appear in plots including 4He/21Ne* or 21Ne*/40Ar* 
ratios. However, nearly all samples have a relatively large component of 40 Ar*, so most 
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Figure 7-2A-H. Elemental abundance ratios measured in Icelandic samples 
from this study. "w.s. olivine" is well-shielded olivine; "p.s. olivine" is 
partly-shielded olivine, and "glass" represents basaltic glass samples. The 
grey bands in Figures A-D and the orange rectangles in Figures E-H represent 
the possible range of the mantle primordial and/or production ratios (see 
Chapter 2). The lines "SCP" are calculated solubility controlled fractionation 
trends. The lines labelled "OM" show the range in compositions of the 
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Figure 7-3. Plots of elemental abundance ratios (a) from Icelandic basalts 
from this study and (b) from previous studies of MORB glasses, OIB glasses 
and OIB phenocrysts (data sources as in Fig. 2-20). The symbols used for the 
data from the present study are the same as those used in Figure 7-2A-H. 
"ol." stands for olivine. 
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Comparison of noble gas elemental ratios from this study and previous 
studies 
Composite plots of the elemental abundance data show that the data from this 
study and previous studies (Fig. 7-3A-F) (Honda and Patterson, 1999) form different 
trends in several plots (e.g., Fig. 7-3A, C, E, F, H). However, data from Icelandic basalts 
also share some important similarities with data from previous studies. 
A. 4He/40 Ar* versus 4He 
Plots of elemental abundance ratios of two gases versus the abundance of one of 
the two gases provide information about the changes in concentration of the gas that may 
result from elemental fractionation. In the plot of 4He/40Ar* versus 4He (Fig. 7-2A), the 
three replicates of the glass sample, ice-9g, lie within the range of 4He/40 Ar* mantle 
production ratios, at a 4He concentration that is higher than all the other Icelandic 
samples from this study, from 9 x 10-7 to 6.2 x 10-6 cm3STP/g (see Chapter 5, Table 
5-1). The remaining Icelandic samples lie on a trend with a positive slope: the glass 
separates have 4 He/ 40 Ar* ratios that lie above the mantle production ratio and have a 
maximum 4 He/ 40 Ar* ratio equal to 40, and the olivine samples lie at or below the 
4He/40 Ar* production ratio, with a minimum 4He/40 Ar* ratio of ~0.1. The most 
significant observations from this figure are: (1) the positive slope of the trend formed 
by the majority of the Icelandic data, and (2) the division in 4He/40 Ar* ratios of the glass 
and olivine separates, to values that are above the production ratio for glass, and below the 
production ratio for olivine, reflecting partitioning of the noble gases between the melt 
and crystalline phases. 
B. 4He/40 Ar* versus 40 Ar* 
Figure 7-2B (4He/40Ar* versus 40Ar*) is similar to Figure 7-2A, except that 
40Ar* is plotted on the x-axis instead of 4He. In addition to having a high 4He 
concentration (Fig. 7-2A), replicates of glass sample ice-9g also have much higher 40Ar* 
concentrations (from 2 x 10-7 to 2 x l0-6 cm3STP/g) than other Icelandic olivine and 
glass samples (40Ar* from 2 x 10-10 to 2 x 10-s cm3STP/g ). The slope formed by the 
Icelandic data in this plot is close to vertical, and there may be a slightly negative slope, 
suggesting that the 4He/40 Ar* ratio is not correlated, or perhaps slightly negatively 
correlated, with 40Ar*, whereas in Figure 7-2A, the 4He/40Ar* ratio is clearly positively 
correlated with 4He. 
Comparison with data in Honda and Patterson (1999) 
In Figures 7-3A and B, (4He/40Ar* versus 4He, and 4He/40Ar* versus 40Ar*, 
respectively) the OIB and MORB data define trends that are parallel to those formed by 
the Icelandic data from this study, but most Icelandic data lie at lower gas concentrations 
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(4He or 40Ar* cm3STP/g) for a given 4He/40Ar* ratio than the OIB and MORB data. 
The exception to this generalization is glass sample ice-9g, whose three replicates (ice-
9g l, -g2, -g3) have gas concentrations that are similar to those found in the OIBs and 
MORBs. The MORB popping rock (point labelled "P.R." for popping rock) has 
higher gas concentrations compared with the other MORB data. 
C. 21Ne!40Ar* versus 21Ne* 
The Icelandic data have 21 Ne/40 Ar* ratios that range from values equal to the mantle 
production ratio (2 x 1 Q-7) to those that are more than two orders of magnitude higher (3 
x lQ-5) than the mantle production ratio (Fig. 7-2C). The data lie on a positive slope, 
showing increasing 21 Ne* /40 Ar* ratios with increasing 21 Ne* concentration. The glass 
separates have higher 21Ne/40Ar* ratios and higher 21 Ne* concentrations than the 
olivine separates. What is most interesting about this plot is that, unlike the plot of 
4He/40Ar* versus 4He, where the olivine data lie below the mantle production ratio, and 
the glass data above the production ratio, here, both the olivine and the glass separates 
have 21 Ne/40 Ar* ratios that are greater than or equal to the production ratio. 
Comparison with data in Honda and Patterson (1999) 
In Figure (7-3C), the MORB and OIB glass data have ratios that are above the 
21Ne/40Ar* mantle production ratio, and most of the phenocryst data have 21 Ne/40Ar* 
ratios that are below the mantle production ratio. The maximum 21Ne/40Ar* ratios in 
MORB glasses are similar to the maximum ratios in Icelandic glass separates. However, 
unlike the Icelandic data, the MORB and OIB data do not define a clear trend in this plot. 
D. 21N e*/40 Ar* versus 40 Ar* 
This plot (Fig. 7-2D) is similar to Figure 7-2C (21Ne*/40Ar* versus 21Ne*), 
except in this plot, 40 Ar* is shown on the x-axis. The slope in this plot is negative, the 
opposit~ of the slope in Figure 7-2C. The trends in Figures 7-2C and D are similar to 
those in Figures 7-2A and B (the plots of 4He/40Ar* versus 4He and 4He/40Ar* versus 40Ar*) : when 4He/40Ar* and 21Ne*/40Ar* are plotted against 4He and 21 Ne* , 
respectively, the slopes are positive, but when plotted against 40 Ar* ,. the slopes are 
negative. 
Comparison with data in Honda and Patterson (1999) 
Like the Icelandic data, the MORB and OIB data also appear to define a trend 
with a negative slope in Figure 7-3D (21 Ne* /40 Ar* versus 40 Ar*) . As stated above for 
Figure 7-3C, the main difference between the MORB and OIB data and the Icelandic 
data is that, unlike the Icelandic olivine 21 Ne/40 Ar* ratios, which lie at values greater than 
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or equal to the production ratio, the OIB phenocryst data have compositions that are 
generally less than or equal to the mantle production ratio. 
E. 21Ne*t46Ar* versus 4He/46Ar* 
Most of the Icelandic data (excluding samples ice-2.2a, -4, and -14) define a 
linear trend in this plot (Fig. 7-2E). The trend formed by the Icelandic data does not 
intersect the field defining the range of the mantle production ratio (orange box). On 
both axes, the data extend to values well above the values of the mantle production ratio, 
as described for Figures 7-2A and 7-2C. At a 21 Ne/40Ar* ratio near the mantle 
production ratio of 2 x l0-7, the data have 4He/40Ar* ratios (approximately. 0.5) that are 
lower than the mantle production ratio (1.4 to 4.8). Most of the Icelandic data lie on a 
trend that is similar to the SCF trend. The data points that lie off the linear trend are from 
partly-shielded samples that may have a component of cosmogenic 21 Ne* and will not be 
discussed further here 
Comparison with data in Honda and Patterson (1999) 
In Figure 7-3E, unlike the Icelandic data, the MORB and OIB data from previous 
studies appear to lie on a trend that intersects the mantle production ratio. The OIB glass 
data do not lie on a trend that is parallel to the SCF trend, but instead lie on a near-
horizontal trend, and have a wide range of 4He/40Ar* ratios at nearly constant 
21Ne*/40Ar* ratios: 
F. 4He/21Ne* versus 4Het46Ar* 
In this plot (Fig. 7-2F) the data lie below the 4He/21 Ne* production ratio, and 
have 4He/21 Ne* ratios from 4 x 10-5 to 3 x l0-6. Most of the data form a roughly 
horizontal trend that is sub-parallel to the solubility controlled fractionation trend, with 
4He/40 Ar* ratios from 0.4 to 40. Three samples lie at relatively low 4He/21 Ne* ratios, 
and may contain a cosmogenic component of 21Ne* (see Fig. 7-2E). 
Comparison with data in Honda and Patterson (1999) 
In Figure 7-3F, the majority of the OIB and MORB glass data lie within a range 
of compositions that do not overlap the Icelandic data. 
G. 3He/22Ne* versus 4He/21Ne* 
In a plot of (3He/22Ne8) versus (4He/21 Ne*), the data should show the same 
behaviour on both axes (Fig. 7-20). The (3He/22Ne8) and (4He/21Ne*) ratios of the 
Icelandic data lie on or near the trend defined by the OIB and MORB data, at values that 
are below the mantle primordial/production ratios. 
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Comparison with data in Honda and Patterson (1999) 
In Figure 7-3G, all OIB and MORB data lie on the same trend. Most OIB 
phenocryst and OIB glass data lie at values that are below the primordial/production 
ratios, and most MORB glass data have ratios that are greater than or equal to the mantle 
primordial/production ratios. 
H. 3ffe/22Ne(s) versus 4Het40Ar* 
Like in Figure 7-2F, in Figure 7-2H, the Icelandic data lie well below the 
primordial mantle 3He/22Ne8 ratio, on a roughly horizontal trend, with near-constant 
3He/22Ne8 ratios over a range of 4He/40 Ar* ratios. The trend formed by the data is 
roughly parallel to the solubility controlled fractionation trend. 
Summary 
The Icelandic elemental abundance ratios show some similarities to, but also 
some important differences from the OIB and MORB data. Specifically, the trends 
formed by the Icelandic data do not pass through the primordial and production ratios in 
plots that include neon. Instead, in plots that include elemental ratios with neon in the 
numerator or the denominator, the data are fractionated relative to the mantle 
primordial/production ratios in a sense that would suggest neon addition. Elemental 
fractionation between neon and argon has caused the 21Ne*/40Ar* ratios of the Icelandic 
data to lie well above the production ratio in some samples (Figs. 7-2C, E). Fractionation 
between helium and neon has caused the 3He/22Ne8 ratios to lie well below the mantle 
primordial ratio for all samples except the glass separates from ice-9g (Fig. 7-2H). 
There is also a large degree of fractionation of the 4 He/ 40 Ar* ratio in the Icelandic data 
that is positively correlated with the 4 He concentration and negatively correlated with the 
40
.Ar* concentration. In comparison, the 21Ne/40Ar* ratio is positively correlated with 
the 21 Ne* concentration and negatively correlated with the 40 Ar* concentration. 
Unlike the Icelandic data, the main trends formed by the OIB and MORB data 
pass through the compositions of the mantle primordial/production ratios. There is 
relatively little fractionation of neon from argon in the OIB and MORB data, but where 
fractionation of Ne/ Ar ratios is evident, it is in the same sense as the He/Ne and He/ Ar 
fractionation. There are good correlations between the 4He concentrations and 
4He/40Ar* ratios. Although there does appear to be a correlation between the 
21Ne/40Ar* ratios and the 40Ar* concentrations, there is little correlation between the 
21 Ne/40 Ar* ratios and the 21 Ne* concentrations. Owing to the differences between the 
Icelandic data and the OIB and MORB data described by Honda and Patterson (1999), 
different and/or additional processes are required to explain the Icelandic data. 
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7 .5 Discussion 
Owing to the possibly complex nature of the mixing and fractionation processes 
controlling the noble gas isotopic and elemental ratios in Icelandic basalts, it is necessary 
to develop a model with which to evaluate the data. One model is that the elemental ratios 
in Icelandic basalts were produced first by mixing between elementally fractionated 
plume and MORE-derived gases, with elemental ratios within the range of those 
observed in mantle-derived samples (Fig. 7-3). Hence, the elemental ratios in most 
Icelandic basalts from this study will be explained as resulting from two main processes: 
(1) mixing between elementally fractionated plume and MORE-derived gases, and (2) 
subsequent elemental fractionation processes that occurred during magmatic ascent 
through the Icelandic crust. In one sample from this study (ice-9g), the processes 
described in Part II do not appear to have occurred. The noble gas elemental 
composition of this sample will be evaluated to determine whether it can be explained by 
binary mixing. 
7.5.1 Part I: Mixing plume- and MORB-derived noble gases: 
elemental abundance ratios 
As shown in Chapter 2, OIBs and MORBs have a range of 3He/4He and end-
member 21 Ne/22Ne ratios. The different isotopic ratios of OIBs and MORBs have been 
used to infer that they arise from different source reservoirs. Despite their origins in 
different source reservoirs, the elemental ratios measured in MORBs and OIBs 
worldwide lie on broadly similar trends (Figs. 7-3A-H). Like the helium and neon (end-
member) isotopic ratios measured in OIBs and MORBs worldwide, the Icelandic basalts 
from this study have a wide range in helium and neon isotopic compositions, yet lie on 
similar trends in the elemental ratio plots. This shows that samples with very different 
isotopic ratios may lie on the same trend in plots of elemental ratios. 
When noble gases with different isotopic ratios and different elemental ratios 
from the plume (P) and MORB (M) end-members are mixed together, the isotopic and 
the elemental ratios in the mixture should have a range in compositions that lie between 
the end-member compositions. In Chapter 6, to produce the range of helium, neon and 
argon isotopic compositions in Icelandic basalts by binary mixing, a large range in R;~e 
and R~;~r was required, where: 
[ 
(22Nes/3He )P] R:;tNe = (22 Ne8/3Het (6-7
) 
P,M - 22 [ (3
6 Ar/22Nes )p ] 
RNe,Ar - (36 Ar/ Nes)M (6-21) 
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The actual end-member elemental ratios (e.g., 3He/22Ne8, 22Ne/36Ar) in the 
plume and MORB end-members at the time of mixing are not known. The calculated 
elemental ratios in the OIB and MORB end-members needed to produce the required R;~~e value will be compared with the elemental ratios observed in OIBs and MORBs. 
Calculated trends 
Equations 
The equations presented in Chapter 6 and additional equations given below will 
be used to calculate the (3He/22Ne8)Mrx (equation 6-13), (22Ne/36Ar)MIX (equation 6-20) 
and (4He/40Ar*)MIX (equation 7-1) elemental ratios that would be produced by mixing 
noble gases from the plume (P) and MORB (M) end-members. The isotopic 
compositions used in equation (7-1) are calculated using the same plume and MORB 
end-member compositions and equations that were given in Chapter 6, e.g., (4He/3He)MIX 
is calculated from equation (6-9) and (40Ar/36Ar)MIX is from equation (6-18). 
f M = 3HeM/(3H~+3Hep), (6-8) 
(4He/3He)MIX = (4He/3He)M x fM + (4He/3He)p x (1- fM) (6-9) 
( 3He J = ( 3He J X 1/(fM + (1-fM) X (22Nes/3He)p J 22 Ne 22 Ne (22Ne / 3He) S MIX S M S M (6-13) 
gM = (22Nes)M/[(22Nes) M+(22Nes)p], (6-15) 
( 
22
Ne J ( 22 Ne J 1 /( (36 Ar/22Ne ) J 36 Ars MIX = 36 Ars M X 7 gM + (1- gM) X (36 Ar/22Ne:): (6-20) 
G - 36Ar /(36Ar +36Ar) M- M M P (6-17) 
( 
40 Ar J ( 40 Ar J ( 40 Ar J 36 = 36 X GM + (1- GM) X ...,...36-e---Ar MIX Ar M Ar p (6-18) 
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Ne ) 40 = 22 X -3- X 36 S X 
Ar* MIX Nes MIX He MIX Ar MIX 
1 /(4oAr) 7 36Ar MIX 
(7-1) 
Sample ice-9g 
One of the most interesting samples from this study is sample ice-9g because it 
has near-solar neon isotopic ratios with relatively small uncertainties (see Chapter 6), 
3He/22Ne8 and 4He/40Ar* ratios that are within the range of those observed in OIBs and 
MORBs, and relatively high gas concentrations similar to those observed in OIBs and 
MORBs (compare Figures 7-2A and 7-2B with Figures 7-3A and 7-3B). As explained 
previously, the noble gas elemental ratios produced by mixing elementally fractionated 
OIB and MORB end-members should lie within the observed range of compositions in 
OIBs and MORBs. This sugests that ice-9g has not experienced significant elemental 
fractionation following the postulated plume + MORB mixing. As was explained in 
Chapter 6, the decoupled neon and helium isotopic ratios in ice-9g require a plume + 
MORB mixture with an R;~~e value of near 5. The following discussion is intended to 
, 
show that the observed elemental ratios in sample ice-9g are consistent with mixing 
between MORB and plume end-members in which the elemental ratios in at least one of 
the two end-members is fractionated. As mentioned previously, in most Icelandic 
samples from this study, the measured 3He/22Ne8 ratio may not be representative of the 
3He/22Ne8 ratio of the postulated plume + MORB mixture because additional elemental 
fractionation may have occurred after mixing and prior to eruption. 
The observed 3He/22Ne8 and 4He/40 Ar* ratios in ice-9g are assumed to be close 
to the values in the original plume + MORB mixture because (unlike in most Icelandic 
samples from this study) they lie within the range of compositions observed in OIBs and 
MORBs. Using the observed values in ice-9g for (3He/22Ne )Mix and (4He/40 Ar*)Mix in 
equation (6-13) and (7-1), itis possible to calculate the 3He/22Ne8 ratio in the MORB 
end-member that is required to produce the observed elemental ratios in ice-9g. To 
produce the observed 3He/22Ne8 ratio in a mixture with an R;~~e value of near 5, the 
plume end-member should have a relatively unfractionated 3He/22Ne8 ratio near 5, and 
MORB end-member a relatively high 3He/22Ne8 ratio (~25) compared with the 
primordial mantle ratio. This value (~25) is well within the range of observed 3He/22Ne8 
ratios in MORBs (up to 100) (Fig. 7-3H). The R;~~, value is not well constrained, but 
for a value of 1.6, the 22NeJ36Ar ratios in the MORB and plume end-members (0.3 and 




As expected, the calculated mixing curve between the plume and MORB end-
members intersects the composition of sample ice-9g (ice-9gl and -9g2), the glass 
samples that lie in the yellow ellipse in Figure 7-4. The calculation suggests that the 
primordial 3He/22N es ratio in sample ice-9g is consistent with binary mixing between a 
relatively unfractionated plume end-member with a 3He/22Ne8 ratio near 5, and MORB 
end-member with a fractionated 3He/22Ne8 ratio near 25. This MORB end-member 
3He/22Ne8 ratio is consistent with the observed sense of fractionation in MORBs, which 








* ;: 100 
10-1 
~ ,- ----scF 
:) - - _,- 9 ~ -,- , 0 





-~b-2 16-1 10° 101 102 1b3 
4He/4o Ar* 
Figure 7-4. A plot of 3He/22Ne8 versus 4He/40 Ar* showing a mixing curve 
between the plume (P) and MORB (M) end-members. The curve between P 
and M passes through the primordial/production ratios in the mantle ( orange 
box), and close to the compositions of ice-9gl and -g2, the two glass samples 
that lie within the yellow ellipse. The decoupled helium and neon isotopic 
ratios, as well as the measured elemental ratios in ice-9g may be produced by 
mixing between noble gases from the plume and MORB end-members. The 
field between the dashed lines labelled"OM" represents the range of 
compositions observed in the majority of OIBs and MORB data. Symbols for 
the Icelandic data are as shown in Figure 7-2A. SCF stands for solubility 
controlled fractionation (see Chapter 2). 
7.5.2 Part II: Evaluation of possible elemental fractionation 
mechanisms in Icelandic basalts 
As was discussed in Chapter 6, the noble gas isotopic compos1t1ons of all the 
samples from this study are postulated to have been produced by binary mixing between 
elementally fractionated MORB and plume end-member components. Binary mixing 
between plume and MORB noble gas end-members should produce elemental ratios in 
the mixture that lie between the elemental ratios in the end-members. However, in 
contrast to sample ice-9g described above, the majority of the Icelandic samples from this 
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study have elemental ratios that lie outside of the range of those observed in MORBs and 
OIBs worldwide, i.e., the elemental ratios do not lie between the compositions of the 
postulated end-members. Because the noble gas elemental ratios of Icelandic basalts lie 
outside the fields defined by OIB and MORB data, additional fractionation mechanisms 
are postulated to explain their compositions. This means that the Icelandic data are 
unlikely to be explained by the single stage elemental fractionation process that was used 
by Honda and Patterson (1999) to explain the compositions in OIBs and MORBs (see 
Chapter 2). This additional elemental fractionation is postulated to have occurred 
following binary mixing ( see Part I) and during ascent of magma through dikes in the 
Icelandic crust (Fig. 7-1). The following discussion of the elemental fractionation 
processes that may produce the observed elemental ratios in Icelandic basalts will be 
general owing to the limited experimental constraints on elemental fractionation 
processes. This general analysis will show that the noble gas elemental ratios in 
Icelandic samples from this study were produced by systematic fractionation processes. 
There are at least two general scenarios that may have occurred to produce the observed 
trends in the Icelandic data (Figs. 7-2A-H): (1) neon addition, and (2) multistage 
elemental fractionation. These two possible scenarios are shown schematically m 
Figures 7-5A-H and 7-6A-H and will be explained in detail in the following sections. 
Apparent neon enrichment 
The Icelandic data from this study appear to suggest that neon has been enriched, 
and helium lost, relative to 40 Ar*. Neon enrichment is suggested because the majority of 
the data from this study have: (1) He/Ne ratios that are below the 3He/22Nes primordial 
ratio and the 4He/21Ne* production ratio (Fig. 7-2H, F); as well as (2) 21Ne*/40Ar* 
ratios that are greater than (by more than two orders of magnitude) or equal to the 
production ratio (Fig. 7-2C). In addition, some of the data that have 21Ne/40Ar* ratios 
equal to the production ratio also have 4He/40Ar* ratios lower than the production ratio 
(Fig. 7-2E). This means that neon has been enriched relative to argon, but helium has 
been lost relative to argon. Because the 3He/22Nes and the 4He/21 Ne* ratios are also 
below the production ratio in Figure 7-2H, the implication is that 21 Ne* and 22Nes have 
been enriched relative to helium. 
Although addition of neon relative to helium and argon appears to provide a 
simple explanation for the data, neon enrichment cannot be explained by the known 
mechanisms of elemental fractionation, including diffusion, crystal-melt fractionation and 
solubility controlled fractionation. In any of these processes, if the relatively light 
element is fractionated from the relatively heavy element so that the 3He/22Nes ratios are 
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Figure 7-SA-H. Schematic representations of data from this study that were 
shown in Figures 7-2A-H (in blue) and the data from Honda and Patterson (1999, and references therein) (in gray) that are shown in Figures 7-3A-H. 
"XI-melt" stands for crystal-melt fractionation (here, crystal-melt 
fractionation is not intended to specify how the gases are contained in olivine), 
" SCP" is solubility controlled fractionation. The production/primordial 
mantle ratios are shown as orange rectangles or horizontal lines, as in previous 
figures. The relatively low He/Ne ratios and relatively high Ne/Ar ratios 
appear to be caused by addition of neon. An additional fractionation process 
between olivine and melt (XI-melt fractionation) is needed such that the 
elemental ratios in the glass are higher than the ratios in the olivine. 
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Multistage elemental fractionation 
Preferential helium loss 
The apparent neon enrichment described above may be explained by a multistage 
process that involves: (1) preferential helium loss, (2) solubility controlled· fractionation 
by bubble formation, and (3) crystal-melt fractionation. This three-stage process may 
provide a self-consistent means to explain the elemental ratios in Icelandic basalts. This 
multi-stage process seems more reasonable than relative neon enrichment by a single-
stage process because it does not involve addition of gases, but instead only involves 
fractionation of gases to produce the observed trends. 
The physical mechanism that controls preferential helium loss is not well 
understood. A previous study of elemental ratios in OIB and MORB samples suggested 
that there is a mass-threshold process whereby helium, which has been preferentially 
excluded- or extracted from crystallizing oceanic crust, contaminates outgassed magmas 
(Honda and Patterson, 1999). The mechanism that causes preferential helium loss could 
be related to a mass threshold process, such as was described by Honda and Patterson 
(1999). 
Solubility controlled fractionation 
Solubility controlled fractionation by bubble formation was not considered to be 
a major process that produced the observed trends in the elemental ratios measured in 
samples from OIB and MORBs (Fig. 7-3A-H) (Honda and Patterson, 1999) (see 
Chapter 2). Although solubility controlled fractionation is unlikely to have produced the 
observed trends in elemental ratios from OIBs and MORB samples, the Icelandic data 
appear to have experienced additional stages of fractionation that may have included 
solubility controlled fractionation. 
Solubility controlled fractionation provides a mechanism to enrich the residual 
melt in the light isotopes of the noble gases (see Chapter 2). Although solubility 
controlled fractionation would produce a large degree of fractionation in the 4 He/40 Ar* 
ratios, it would cause only relatively minor fractionation of the 4He/21 Ne* ratios (see 
Chapter 2). This means that in plots of 4He/21Ne* versus 4He/40Ar* (Fig. 7-2F) and 
3He/22Ne8 versus 4He/40Ar* (Fig. 7-2H), solubility controlled fractionation would cause 
the elemental compositions to lie along a nearly horizontal trajectory. Thus, following the 
stage of preferential helium loss, solubility controlled fractionation provides a mechanism 
to explain how the 4He/40 Ar ratios were increased so that the data lie off the observed 
trend formed by the OIB and MORB data. The proposed stages of helium loss and 
solubility controlled fractionation are not only consistent with the 4He/40 Ar* ratios, but 
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Figure 7-6A-H. A schematic diagram illustrating a possible multistage 
elemental fractionation process to explain the elemental ratios of Icelandic 
basalts (see Figure 7-SA-H for explanation of symbols). The first stage 
involves preferential helium loss to decrease the 3He/22Ne8, 4He/21Ne* and 4He/40 Ar* ratios to values below the primordial or production ratios. 
Subsequent solubility controlled fractionation then increases the He/Ne and 
Ne/Ar ratios to higher values. Finally, the noble gas compositions are 
fractionated between the crystals and melt, so that elemental ratios in the melt 
are higher than those in the olivine. 
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Crystal-melt fractionation 
Solubility controlled fractionation may provide an explanation for why the 
21Ne/40Ar* ratios are elevated to values above the production ratio in Figure 7-2C. 
However, an additional process is also needed to explain why the 4He/40 Ar* and 
21Ne*/40Ar* ratios in the basaltic glass separates are consistently higher than the 
4He/40Ar* and 21Ne*/40Ar* ratios in the olivine separates (Figures 7-2A-D). 
The explanation for the low 4He/40Ar* and 21Ne*/40Ar* ratios in olivine 
compared with the glass is likely to relate to: (1) how the gases are incorporated into 
olivine; and/or (2) the relative compatabilities of noble gases in the melt compared with 
olivine. There is insufficient information to further evaluate the possible means by which 
noble gases may be elementally fractionated between olivine and melt phases. 
Summary 
The above evaluation shows that the observed elemental ratios in Icelandic basalts 
can be explained by systematic fractionation processes. One seemingly unlikely possible 
scenario to explain the data involves neon enrichment by a single-stage process (Fig. 7-
5A-H). A major problem with this scenario is that there are no known processes by 
which neon could be enriched relative to argon without also enriching helium. A second, 
more likely possible explanation for the elemental ratios in Icelandic samples from this 
study is that they were produced by a three stage process (Figs. 7-6A-H) that involves: 
(1) preferential helium loss relative to neon; (2) solubility controlled fractionation 
between melt and vesicles to increase the He/Ne and Ne/Ar ratios; and (3) crystal-melt 
fractionation to produce the higher 4He/40Ar* and 21Ne/40Ar* ratios in the glass than 
the olivine. In nature, helium loss, bubble formation and olivine crystallization processes 
may be concurrent and occur as the magmas ascend through the crust and intrude into 
magma chambers and sills. These postulated explanations are not unique, and other 
processes may also have produced the observed elemental ratios in Icelandic basalts. 
Comparison of elemental fractionation processes in Icelandic basalts with 
other mantle-derived samples 
The postulated stages of fractionation (preferential helium loss, solubility 
controlled fractionation and crystal-melt fractionation) that may provide an explanation 
for the Icelandic data do not appear to explain the OIB and MORB data. This is in part 
because unlike the Icelandic data, the MORB and OIB data lie on a trend that intersects 
the mantle primordial/production ratios. The observed elemental ratios in the majority of 
the Icelandic samples may differ from those in OIBs and MORBs owing to processes 




The decoupled helium and neon isotopic ratios shown in Chapter 6 were 
explained as having been produced by binary mixing between noble gases from the 
Icelandic plume and MORB end-members. The elemental ratios in Icelandic basalts 
have also been evaluated to determine whether they are consistent with having been 
produced by binary mixing between the OIB and MORB end-members. The elemental 
ratios of one sample from this study lie in the range of those observed in OIBs and 
MORBs and are consistent with binary mixing between a plume component with a 
relatively unfractionated 3He/22Ne8 ratio near 5 and a MORB component that has a 
relatively high 3He/22Ne8 ratio of near 25. This relatively high 3He/22Ne8 ratio (25) is 
consistent with the observed ratios in MORBs worldwide, which have 3He/22Ne8 ratios 
of up to 100, much higher than the range of solar or primordial mantle ratios (3.8 to 8, 
respecively). The postulated mixing between MORB and OIB noble gas components 
may occur in the shallow upper mantle beneath the Icelandic crust, or within deep magma 
chambers in the Icelandic crust. Following the postulated mixing between the Icelandic 
plume and MORB noble gas end-members, the noble gases in the majority of Icelandic 
samples from this study may have been further fractionated by processes including 
preferential helium loss, solubility controlled fractionation, and crystal-melt fractionation 
as the magma ascended via dikes to the surface. Other alternative fractionation processes 
or sequences of events may account for the observed elemental ratios in Icelandic basalts 
but there are insufficient constraints to further evaluate these possibilities. 
The postulated three-stage process to explain the elemental ratios in Icelandic 
basalts (preferential helium loss, solubility controlled fractionation between melt and 
bubbles, and crystal-melt fractionation) differs from the single-stage fractionation mass-
threshold processes used to explain the data presented by Honda and Patterson (1999) 
for oceanic basalt samples. This is simply because although the Icelandic data are similar 
to the MORB and OIB data in some respects, they are also different in several important 
ways from these data. The multistage elemental fractionation processes that are proposed 
to explain the elemental ratios in the majority of the Icelandic samples .rnay not occur in 
other OIB localities owing to differences in the tectonic settings, as well as in the 
structure of dikes and magma chambers in the Icelandic crust compared with other 
localities. The most important conclusion to be drawn from this analysis is that the 
observed noble gas elemental ratios in Icelandic basalts do not preclude binary mixing 
between noble gases in the Icelandic plume and MORB end-members. 
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CHAPTER 8: SYNTHESIS 
This chapter summarizes the results, observations, major findings and 
conclusions from Chapters 2 through 7. As this chapter is intended to provide a broad, 
general overview of the results of this study, it does not include cited references or 
specific values unless necessary. 
The overview of noble gas geochemistry in Chapter 2 showed that the Earth is 
likely to contain components of primordial solar noble gases that have been augmented 
by radiogenic and nucleogenic gases produced over time in the Earth. The noble gas 
isotopic compositions of mantle-derived samples from MORBs differ from the 
compositions measured in OIB samples in some important respects. In particular, the 
helium and neon end-member isotopic compositions of mantle-derived samples from 
MORBs are relatively homogeneous. In contrast, the neon isotopic ratios measured in 
samples from different OIBs ( e.g., Tahiti, Reunion, Hawaii, Samoa) range from ratios 
that are relatively close to the solar ratio ( e.g., Hawaiian basalts), to less primitive, 
MORB-like ratios (e.g.-, Tahiti). However, although neon end-member ratios of mantle-
derived samples from different OIB localities have a large range in compositions, they are 
relatively homogeneous in different samples from the same OIB locality. 
Insights into the degree of mantle degassing, and perhaps the timing of mantle 
degassing, may be obtained from argon and xenon isotopic ratios, respectively. 
Arguments based on argon mass balance suggest that a mantle mass equivalent to one 
half to two thirds of the mass of the mantle is likely to have been largely degassed of 
primordial noble gases. Subsequent decay of 4°K to 40 Ar has produced the relatively 
high 40Ar/36Ar ratios in MORBs. Additional insights into mantle degassing may be 
inferred from xenon isotopic ratios. Some MORB samples have relatively high 
129Xe/130Xe and 136Xe/130xe ratios compared with atmospheric ratios. This was 
interpreted as indicating that the mantle was degassed of primordial isotopes of xenon 
prior to decay of all the short-lived extinct nuclides, 129I and possibly 244Pu, in the 
mantle. The relatively high 129Xe/130Xe ratios were used to infer that most (80%) of the 
gas release from the mantle occurred early (in the first 50 Ma) of Earth history. Until 
recently, it appeared that the 129Xe/130xe and 136Xe/13°Xe ratios of most OIBs, 
excluding Samoa, were similar to the atmospheric ratio. These atmosphere-like ratios 
were interpreted to suggest that, unlike the MORB source, the OIB source had not been 
largely degassed of the primordial isotopes of xenon prior to decay of 129I and possibly 
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244Pu. However, recent analyses of Hawaiian and Icelandic basalts suggest that other 
OIBs besides Samoa may also have 129Xe/130Xe and 136Xe/130Xe ratios that are 
significantly higher than the atmospheric ratios. These ratios could be interpreted as 
indicating that, like the MORB source, the OIB source has also been at least partly 
degassed of primordial isotopes of xenon prior to the decay of all the 1291 and 244Pu in 
the mantle, but other interpretations are possible. 
Although isotopic ratios measured in OIBs and MORBs may provide some 
insights into the compositions of their mantle source regions, the noble gas elemental 
ratios (e.g., 4He/40Ar*, 21Ne*J40Ar*) in mantle-derived samples from OIBs and 
MORBs do not appear to preserve the compositions in their respective source reservoirs. 
Noble gas elemental ratios from MORBs and OIBs have a broad range in compositions 
that indicate that the noble gases have been elementally fractionated. Despite their origins 
from different source reservoirs deduced from the isotopic ratio, the elemental ratios 
measured in MORBs and OIBs worldwide lie on broadly similar trends. The range in 
elemental ratios observed in MORBs and OIBs has been interpreted as resulting from a 
mass-threshold process involving preferential exclusion of helium from crystallizing 
oceanic crust. 
Chapter 3 summarizes some of the arguments for and against layered- and 
whole-mantle convection. Layered mantle models postulate that the upper mantle is 
degassed and depleted in incompatible elements, whereas the lower mantle is relatively 
unmelted and undegassed. Such layered mantle models are based in part on observations 
of the relative helium and heat fluxes from the Earth. The helium flux out of oceanic 
areas is lower than that which would be predicted based on the heat flux. This was 
interpreted to suggest that helium is trapped in a relatively undegassed lower mantle. A 
boundary layer between the lower and upper mantles through which heat could be 
transferred more readily than helium was proposed to explain the discrepancy in helium 
and heat fluxes. However, if the lower mantle is relatively undegassed, it should be 
relatively unmelted and therefore relatively chemically homogeneous. This implies that 
trace element ratios (e.g., Nb/U, Nb/fh) and lead isotopic ratios should. preserve some 
evidence for the derivation of OIBs from melting of primitive mantle. However, as there 
is little or no direct evidence of an original primitive mantle composition in most OIBs, 
the layered mantle paradigm does not appear to adequately explain the geochemical 
observations. 
In contrast, in a whole mantle convection regime, the lower mantle is likely to have 
experienced differing degrees of melt extraction and mixing. It is therefore likely to be 
heterogeneous in terms of neodymium, strontium and lead isotopic ratios, as well as 
noble gas isotopic compositions. The expected heterogeneous isotopic compositions are 
consistent with the observed isotopic compositions in mantle-derived samples from 
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OIBs. However, if the entire mantle is stirred by convection, some explanation is 
required for: (1) how relatively solar-like noble gas isotopic compositions are preserved 
in some OIBs; (2) the apparent discrepancy between helium and heat fluxes from the 
Earth; and (3) argon mass balance arguments that suggest that a large fraction of the 
lower mantle is relatively undegassed. These considerations may relate to the rate of 
mantle convection. 
The rate of mantle convection is one of the factors that controls the extent to 
which the mantle has been stirred. The rate of mantle convection is likely to have 
decreased as the mantle has cooled over the 4.5 billion years of Earth history. It has been 
suggested that at the current rate of convection, the entire mantle will take at least 5 
billion years to make one complete overturn. Such a slow mantle convection rate may 
provide a means to explain the argon mass balance arguments if the radiogenic 40 Ar 
(40Ar*) is stored in a portion of the mantle that has not been melted and degassed since 
the time that the 40 Ar* was produced by radioactive decay. In this way, the 40 Ar* need 
not be stored in an undegassed lower mantle. The rate of stirring in the mantle may also 
be influenced by the increasing viscosity of the mantle with depth. A relatively high 
viscosity in the lower mantle compared with that in the upper mantle may help to preserve 
chemical heterogeneity in the lower mantle. Although numerical models that are based 
on viscosity-dependent rates of convection in the mantle have not yet been able to 
reproduce the observed 3He/4He ratios in OIBs, the models may need to incorporate 
factors such as extraction of uranium and thorium from the mantle to the crust, or to 
consider that the mantle bodies that contain noble gases with relatively high 3He/4He 
ratios are relatively small. 
Chapter 4 discusses the Icelandic regional geologic setting, the general 
petrography of Reykjanes Peninsula (Iceland) basalts, and the geochemistry of 
Reykjanes Peninsula and Reykjanes Ridge (MORB) basalts. The position of the 
Icelandic plume along a major spreading ridge, the Mid-Atlantic Ridge, may influence the 
isotopic compositions of Icelandic basalts. This is because as the plume flattens against 
the base of the lithosphere, geophysical models suggest that the plume moves laterally 
along with the diverging plates, which causes MORB material to be entrained into the 
plume. The geophysical model may be further evaluated by comparison of geochemical 
compositions of Icelandic and MORB samples. Because the lead, strontium and 
neodymium isotopic ratios of Icelandic basalts from the Reykjanes Peninsula overlap 
normal MORB compositions, MORB melts may be a possible end-member that mixes 
with the Icelandic plume. Noble gases from MORB melts may therefore also contribute 




In addition to isotopic ratios, trace element ratios also provide insights into the 
compositions of mantle sources sampled by the Icelandic plume. Icelandic data from this 
study and a previous study show that the incompatible element ratios such as Nb/U, 
Nb/Th and Ce/Pb of Icelandic basalts are more heterogeneous than those measured in 
other OIBs (e.g., Hawaiian basalts). Icelandic basalts have a large range in Nb/U ratios, 
with a minimum value close to 50, and a maximum ratio of near 100. In comparison, 
most OIBs and MORBs have Nb/U ratios of near 50 ( 47 + 10). Icelandic Nb/Th and 
Ce/Pb ratios also show a much larger range of compositions than those in OIBs and 
MORBs. However, the Th/U ratios in Icelandic basalts, OIBs and MORBs have a 
relatively narrow range in compositions between 3.2 and 2.6, respectively. 
The relatively homogenous Nb/U, Nb/Th and Ce/Pb ratios in OIBs and MORBs 
have previously been used to argue that OIBs cannot be derived from melting of primitive 
mantle. Instead, following extraction of continental crust, the OIB and MORB sources 
are postulated to have been well-mixed to produce the relatively homogeneous 
incompatible element ratios. In contrast to these previous interpretations based on 
samples from other localities, the mantle source sampled by the Icelandic plume does not 
appear to be homogeneous in terms of Nb/U, Nb/Th and Ce/Pb ratios. An previously 
calculated estimate for the Nb/U ratio of the MORB source following extraction of the 
continental crust is~ 150. The maximum Nb/U ratio measured in this study of Icelandic 
basalts is near 100. This suggests that following extraction of the continental crust from 
the original presumably primitive mantle, the mantle source of Icelandic plumes was not 
well-mixed. 
Chapter 5 summarizes the results of previous noble gas investigations and 
presents the new helium, neon, argon, krypton and xenon isotopic results from this study. 
The maximum helium isotopic ratios from well-shielded olivine separates (29 + 3) in this 
study are close to the maximum observed in Loihi basalts ( ca. 30 Ra), but are lower than 
the maximum ratio observed in previous studies of Icelandic basalts (37 + 2 Ra). Some 
of the neon isotopic ratios in Icelandic samples from this study lie within one sigma 
uncertainty of the air-solar mixing line, and are the most solar-like descrjbed thus far in 
terrestrial samples, including those measured in previous noble gas investigations of 
Icelandic samples. Previous studies of Icelandic basalts reported different neon end-
member isotopic ratios from samples obtained from the same locality. One neon end-
member is similar to the Loihi neon end-member isotopic compostion, and the second is 
in-between the Loihi and MORB end-member isotopic compositions. The highest 
40Arf36Ar isotopic ratio (1667 + 365) from this study is lower than the maximum ratios 
measured previously in Icelandic basalts (6500 + 310). The relatively high maximum 
40 Ar/36 Ar ratio measured previously in Icelandic basalts of near 6500 is similar to the 
maximum ratio measured in Hawaiian basalts (6300 + 360). Krypton isotopic ratios 
212 
Sy_nthesis 
measured in this study are close to the atmospheric ratios at the one sigma uncertainty 
level. Xenon isotopic ratios in this study are close to the atmospheric ratios in all but one 
sample. This sample has I29Xe/130Xe and 136Xe/l30Xe ratios that are significantly 
higher than the atmospheric ratio ( at the one sigma uncertainty level), but the ratios are 
relatively low compared with those measured in previous studies of Icelandic basalts. 
The maximum 129Xe/130Xe and 136Xe/130Xe ratios measured in previous studies of 
Icelandic basalts are similar to the maximum ratios measured in Hawaiian basalts, but are 
lower than the maximum ratios measured in MORBs. 
Chapter 6 has three parts. Section 1 shows that the helium and neon isotopic 
ratios of most of the partly-shielded olivine separates have relatively minor concentrations 
of cosmogenic 3He and 21Ne. This means that most of the partly-shielded olivine 
separates are likely to preserve meaningful information about the helium and neon 
isotopic compositions in their mantle sources. 
Section 2 discusses the significance of the measured near-solar neon isotopic 
ratios in some of the Icelandic basalts from this study. Two possible means of 
preserving near-solar neon isotopic ratios are described. The first is where the source of 
near-solar neon isotopic ratios resides in the mantle. This mantle source is interpreted to 
have relatively high [Ne801arJ/[U+ Th] ratio that is at least nine times higher than the ratio 
in the MORB source. This estimate assumes that the U and Th contents of the MORB 
and the Icelandic plume sources are similar. Owing to the highly incompatible nature of 
helium and neon during mantle melting, a mantle source that has a high N e/[U +Th] ratio 
is likely to be relatively unmelted and undegassed. A relatively unmelted region of the 
mantle is inferred to have a composition that is close to the postulated primitive mantle 
composition. The near-solar neon isotopic component in some Icelandic basalts may 
therefore originate from a primitive, undegassed mantle component in the Icelandic plume 
source. It is alternatively possible that the near-solar neon was derived from the Earth's 
core, but this scenario is considered highly speculative owing to the lack of experimental 
evidence to show that noble gases could be stored in iron-nickel alloys under the 
pressure and temperature conditions that exist at the core. 
Section 3 explains that the near-solar neon isotopic ratios are expected to be 
coupled with near-solar helium isotopic ratios. Contrary to expectations, the helium 
isotopic ratios measured in Icelandic basalts are much lower than the possible range of 
solar 3He/4He ratios (100 to 320 Ra). Binary mixing between MORE-derived and 
plume-derived noble gases is postulated as a possible explanation for the decoupled 
helium and neon isotopic ratios in Icelandic basalts. The range in helium and neon 
isotopic ratios is interpreted to result from mixing between plume and MORB noble gas 
end-members in which the He/Ne elemental ratios in one or both end-members are 
fractionated relative to the initial mantle primordial and mantle production ratios. The 
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proposed binary mixing model is evaluated by calculating the expected compositions that 
would be produced by mixtures of plume and MORE-derived: (1) neon and argon; and 
(2) helium and argon isotopic ratios. The xenon isotopic ratios in Icelandic basalts are 
also evaluated by comparison with helium and neon isotopic ratios. The contribution of 
fission 136Xe from 238U to the observed 136Xe/130Xe ratio in the Icelandic plume source 
is estimated to be small compared with the high values of the 136Xe/130xe ratios 
measured in Icelandic basalts from previous studies. This suggests that the plume-
derived xenon may have been overwhelmed by addition of MORE-derived xenon with 
higher 136Xe/130xe ratios. Although it is possible that some noble gas heterogeneity 
arises from the Icelandic plume source itself, and that other noble gas end-members 
besides the MORE end-member mix with the Icelandic plume, the MORE end-member 
provides the simplest explanation for the observed data. It is concluded that binary 
mixing between plume and MORE-derived noble gases is a reasonable explanation for 
the range in helium, neon, argon and xenon isotopic ratios in Icelandic basalts. 
As was discussed in Chapter 7, the degree of fractionation of noble gas elemental 
ratios provides a means to understand the scale and nature of fractionation processes that 
may occur during magmatic ascent and intrusion of magma in the Icelandic crust. 
Comparison of the postulated processes that control noble gas elemental fractionation in 
Icelandic basalts with those postulated to explain the elemental ratios from OIBs and 
MORBs worldwide may help elucidate the differences in the eruptive mechanisms of 
Icelandic basalts compared with other localities. In addition, development of a 
hypothetical sequence of binary mixing and elemental fractionation events helps to 
evaluate whether the elemental ratios in Icelandic basalts may reasonably be reconciled 
with the proposed binary mixing model proposed in Chapter 6. 
The elemental ratios in Icelandic basalts share some similarities, but also some 
important differences from the OIB and MORB data. One sample from this study that 
has OIB-like elemental ratios is consistent with binary mixing between a plume 
component, with a relatively unfractionated 3He/22Ne8 ratio of near 5, and a MORB 
component that has a relatively high ratio of near 25. This high 3He/22N es ratio (25) is 
well within the observed range in MOREs worldwide. The postulated mixing between 
MORB and OIB noble gas components may occur in the shallow upper mantle beneath 
the Icelandic crust, or within deep magma chambers in the Icelandic crust. 
The remaining Icelandic samples from this study have lower gas concentrations, 
and elemental ratios that lie on different trends, than observed in mantle-derived samples 
from OIBs and MORBs. Following the postulated mixing between the Icelandic plume 
and MORB noble gas end-members, the noble gases in the majority of Icelandic samples 
from this study may have been further fractionated by processes including preferential 
helium loss, solubility controlled fractionation, and crystal-melt fractionation as the 
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magma ascended via dikes to the surface. Other alternative fractionation processes or 
sequences of events could account for the observed elemental ratios in Icelandic basalts. 
The postulated three-stage process to explain the elemental ratios in Icelandic 
basalts (preferential helium loss, solubility controlled fractionation between melt and 
bubbles, and crystal-melt fractionation) differs from the single-stage fractionation mass-
threshold processes used to explain the data presented by Honda and Patterson (1999) 
for oceanic basalt samples. The additional elemental fractionation processes that are 
proposed to explain the majority of the Icelandic elemental ratios may relate to 
differences in the structure of the Icelandic crust compared with other localities. 
In conclusion, the near-solar neon isotopic ratios measured in some Icelandic 
samples from this study are postulated to originate from a primitive, undegassed 
component in the Icelandic plume source. The range in noble gas isotopic ratios 
observed in Icelandic basalts is consistent with mixing a primitive noble gas mantle end-
member with MORB-derived gases. 
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APPENDIX 1: SAMPLE LOCATIONS AND 
PETROGRAPIDC DESCRIPTIONS 
Al.1 Sample locations 
The locations of all samples collected for this study are shown in Table A-1 and 
in Figure Al-1. Samples that were used in this study are highlighted in bold type in 
Table Al-1. For samples in which the rock type is listed as "thol.," or tholeiitic basalt in 
Table Al-1, a basaltic glass sample was collected. Samples ice-1-8 were collected by I. 
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Figure Al-1. Map of Iceland, showing the locations of all samples collected 
for this study. A sub-set of these samples was actually used in this study, as 
shown in Chapter 4 and Table Al-1. 
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Table Al-1. Sample localities in Iceland 
- ---- - ... -
-----~ Longitude;-5W ANU# Sample no., Rock type Latitude, 0 N ice 
---=-=-----
-- - -
-96-0743 -1 picrite 64.176 21.057 96-744 -2 picrite 64.110 21.199 96-745 -3 picrite 63.910 21.481 96-746 -4 picrite 63.815 22.670 96-747 -5 picrite 63.851 22.402 96-748 -6 picrite 63.912 21.918 96-749 -7 picrite 63.928 21.431 96-750 -8 picrite 63.867 21.688 97-657 -9 picrite 64.176 21.057 97-658 -10 picrite 64.104 21.202 97-659 -11 picrite 64.110 21.199 97-660 -12 picrite 63.912 21.918 97-661 -13 picrite 63.928 21.431 97-662 -14 picrite 63.910 21.481 97-663 -15 ol. thol. 63.846 21.670 97-664 -16 ol. thol. 63.857 22.005 97-665 -17 ol. thol. 64.003 21.900 97-666 -18 ol. thol. 63.905 22.534 97-667 -19 ol. thol. 63.900 22.550 97-668 -20 ol. thol. 63.879 22.553 97-669 -21 ol. thol. 63.857 22.590 97-670 -22 ol. thol. 63.870 22.572 97-671 -23 picrite 63.815 22.670 97-672 -24 ol. xenolith 63.849 22.362 97-673 -25 ol. thol. 63.863 22.356 97-674 
-26 picrite 63.851 22.402 97-675 -27 ol. thol. 63.888 22.332 97-676 -28 thol. 63 .888 22.332 97-677 
-29 picrite 63.913 22.319 97-678 -30 ol. thol. 64.214 20.892 97-679 -31 tho I. 63.872 22.429 97-680 -32 ol. thol. 63.872 22.429 97-681 
-33 thol. 63.847 22.383 97-681 -34 ol. px. thol. 63.854 20.307 97-682 -35 thol. 63.902 22.124 97-683 -36 thol. 63.924 21.996 97-685 
-38* thol. 63.924 21.996 97-687 
-40* thol. 64.808 17.937 97-688 -41 tho I. 64.820 17. 709 97-689 -42 thol. 64.802 17.626 97-690 -43 thol. 64.732 17.723 97-691 -44 thol. 64.777 17.688 97-692 
-45 thol. 64.303 18.977 97-693 -46 tho I. 64.272 18.995 97-694 -47 tho I. 64.168 19.151 97-695 -48 thol. 64.034 19.051 97-696 -49 thol. 64.062 19.366 97-697 
-50 thol. 63 .786 20.005 97-698 -51 thol. 63.772 20.043 97-699 -52 thol. 63.954 21.471 97-700 -53 thol. 63.991 21.461 97-701 -54 tho I. 64.011 21.470 97-702 -55 tho I. 64.037 22.416 
- -
-
- - -*indicates that the previous sample was discarded. ol. = olivine, thol. = 
tholeiitic basalt. Samples used in this study are highlighted in bold type. 
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Al.2 Petrographic descriptions 
The following petrographic descriptions of Icelandic basaltic samples were 
primarily used to evaluate the suitability of the phenocryst phases for noble gas analyses, 
and are not intended to provide a detailed petrographic description of the samples. 
Detailed petrographic descriptions of basalts from the Reykjanes Peninsula, Iceland may 
be found in the literature ( see references cited in Chapter 4). All modes given below in 
Table Al-2 are based on visual estimates. Clinopyroxene is generally not sufficiently 
abundant to appear in a single thin section, but is listed in Table Al-2 if it was found 
during mineral separation. Thin sections were not available for samples ice-I through 
-4- and -47 through -55. 
A list of abbreviations that will be used in the following descriptions is provided 
below: 
Abd. = abundant 
Alt. = altered 
Anh. = anhedral 
Cpx. = clinopyroxene 
Devit. = devitrified 
Buh. = euhedral 
Fract. = fracture 
Holocryst. = holocrystalline 
Incl. = inclusion 
Mcp. = microphenocryst 
Met. = microlite 
01. = olivine 
Plag. = plagioclase 
Spin. = spinel 
Sub.= subhedral 
t.s. = thin section 
V es. = vesicle 
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Table Al-2. Petrographic descriptions of Icelandic samples used in this study 
Locality Sample No. % olivine Incl. in Cpx. Plag. Groundmass %Yes. Alt. 
ol. 
Midfell ice-1 not.s. 
Sandfel.V ice-2.1, not.s. 
Hengill -2.2 
Burfell i ice-3 not.s. 
olfusi 
Haleyjar- ice-4 not.s. bunga 
Midfell ice-9 25, spin, 1-2% plag. met, 10 none 
euh-sub raremelt spin. 
Maelifell ice-10.1, 35, spin, abd plag met, rare none 
-10.2 sub melt ol. mcp. 
Sandfel.V ice-11.1, 30-40, glass, 1% plag met., 20 none Hengill -11.2 euh-sub spin, ol. mcp. 
fluid 
Asar ice-12.1, 15, sub spin, 1% plag met., 1-2 none 
-12.2 melt, w/ ol mcp .. 
fluid 
B urfell i olfusi ice-14 15, spin <1% plag met., 25-30 in ol. 
euh-sub euh ol mcp. fract. 
Eldborg ice-16 5-10, euh. spin, 2-3% plag met., 40 
rare ol mcp. 
glass 
Stapafell ice-18 10,euh spin plag met., 15 none 
Sulur ice-19 15-20, spin, X plag met 40 none 
euh-sub devit. 
melt 
Haleyarbunga ice-23a 50, sub spin, 1% X plag met. <5 in fract. 
fluid, 
melt 
Hraunsvik/ ice-24 50, anh. rare 1% X holocryst. none Hrolfsvik (xenolith) spin, 
melt 
Bleikholl ice-25 5, euh-sub spin w/ ol. v. fine grained 10 none 
~ Landamnna- ice-30 5-10, sub no VIS. plag met., 5 none hellir incl. ol mcp. 
~Svartsen- ice-32.1 , 5-10, euh- no VIS. plag met. 5 none gisfell 
-32.2 sub incl. 
SW of Skala- ice-34 5, euh-sub plag, abd X plag met. 10 none Maelifell melt, 
spin 
Sigalda ice-47 aphyric not.s. 
Lambafell ice-54 aphyric not.s. 
Kongsgil ice-55 1-2 X not.s. 
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APPENDIX 2: MAJOR AND TRACE 
ELEMENT ANALYTICAL METHODS 
A2.1 Major Elements 
Icelandic natural basaltic glass samples from the Reykjanes Peninsula (n = 6) and 
Central Iceland (n = 2) were hand-picked to ensure freshness and then mounted in 
epoxy. The mounts were trimmed to expose the fresh glass surf ace, then diamond 
polished, and cleaned with methanol. Electron microprobe analyses of the glass samples 
were performed using EDS on a Cameca Camebax electron microprobe at the ANU with 
an operating voltage of 15 keV in raster mode over an area of 12.5 µm2. The major 
element compositions of natural glass samples were measured in part to detemtine their 
Cao content because calcium is used as an internal standard for data acquired using 
laser-ablation inductively coupled plasma mass spectrometer (LA-ICPMS) analyses of 
trace elements (see section A2.2). When analysing rock samples for trace element 
compositions, it is standard to first melt the rock samples in order to homogenize the 
microphenocryst phases. However, for these analyses, the microphenocryst phases 
( olivine and plagioclase) were not homogenized by first melting the whole rock sample. 
Instead, multiple analyses of different glass chips from the sample were performed to 
obtain an average glass composition. 
The major element compositions measured in this study are shown in Table A2-1 
and Figure A2-1, and are compared with whole rock data (homogenized glass samples) 
from Reykjanes Peninsula tholeiites and picrites reported by Hemond et al. (1993). The 
major element compositions of the samples from this study lie within or close to the 
fields defined by the data from Hemond et al. (1993). For example, the glasses from this 
study have MgO contents between ~6 and 10 wt.% that are within the range of 
compositions reported by Hemond et al. (1993) (Fig. A2-1 D), and similarly, the CaO 
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Figure A2-1 A-H. Major element compositions (in weight percent oxide) of 
Icelandic basalts from this study (green) and Hemond et al. (1993) (red). 
Note that Fe is reported as FeO from this study, but Hemond et al. ( 1993) 
report both FeO (D) and Fe2O3 (G). The data from this study lie on the same 
trends as tholeiitic basalts and picrites from Hemond et al. (1993). Although 
the analyses are of natural glasses, their compositions overlap those measured 
previously on whole rock samples. 
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Table A2-1. Major element composition of natural glass samples, Iceland 
wt.% ice-9 ice-18 ice-32c ice-41 ice-46 ice-47 ice-54 ice-55 
oxide (N=7) (N=5) (N=8) (N=4) (N=2) (N=2) (N=4) (N=4) 
SiO2 48.0 48.3 47.9 49.2 49.5 49.6 48.8 47.9 
± 0.3 0.1 0.1 0.4 0.1 0.1 0.2 0.2 
TiO2 0.91 2.00 2.27 2.55 1.906 1.836 1.7 1.94 
± 0.02 0.04 0.03 0.02 0.002 0.004 0.5 0.04 
Al2O3 15.6 14.88 14.8 12.90 13.66 13.71 14.0 14.60 
± 0.1 0.07 0.1 0.07 0.04 0.01 0.1 0.06 
Cr2O3 0.13 0.14 0.09 <0.08 <0.08 0.080 0.10 0.12 
± 0.01 0.03 0.01 0.01 0.01 0.001 0.01 0.03 
FeO 10.0 11.6 12.4 15.6 12.7 12.89 11.21 12.07 
± 0.1 0.2 0.1 0.1 0.1 0.01 0.09 0.06 
MnO 0.10 0.12 0.15 0.13 0.12 0.16 0.10 0.08 
± 0.02 0.04 0.01 0.05 0.02 0.00 0.01 0.00 
MgO 9.5 7.58 7.59 5.62 6.73 6.77 7.1 7.4 
± 0.1 0.08 0.09 0.05 0.03 0.06 0.1 0.1 
CaO 15.0 12.99 12.55 10.80 12.48 12.51 13.22 12.85 
± 0.1 0.07 0.06 0.09 0.06 0.05 0.06 0.06 
N~O 1.48 2.24 2.42 2 .5 2.41 2.41 2.1 2.2 
± 0.05 0.03 0.04 0.4 0.05 0.01 0.3 0.1 
K20 0.03 0.21 0.17 0.16 0.150 0.15 0.38 0.180 
± 0.02 0.02 0.01 0.01 0.004 0.00 0.01 0.004 
Total 100.7 100.0 100.2 99.5 99.6 99.98 98 99.2 
± 0.5 0.3 0.4 0.3 0.1 0.27 1 0.4 
A2.2 Trace Elements 
At least three separate glass chips from each of the eight natural glass samples 
described above were analysed for trace element abundances, including Nb, Th and U. 
Analyses were performed using the pulsed ArF eximer laser ablation inductively coupled 
plasma mass spectrometer (ELA-ICP-MS) at the ANU described by Eggins et al. 
(1997). The ELA-ICP-MS was operated under the following conditions: repetition rate 
= 6 Hz; pulse energy = 100 mJ; spot size = 100 µm, ablation time = 60 seconds. 
Standards (BCR, BGD) were routinely measured before and following each 6 to 9 
measurements of the unknowns. The 43Ca peak was used as an internal standard to 
correct for differences in ablation yield and temporal variations in instrument signal 
intensity (drift) (Eggins et al., 1997; Sylvester and Ghaderi, 1997). The data reduction 
was performed according to methods described by Eggins et al. (1997). Uncertainties in 
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the concentration of elements due to variations in concentration in the different glass 
fragments from each sample were larger than those from other corrections including drift, 
so the former (larger) uncertainties are reported. Other details of ICP-MS analyses are 
the same as those described by Sylvester et al. (1997). The results of the ICP-MS 
analyses are shown in Chapter 4. 
A2.3 References 
Eggins S. M., Woodhead J. D., Kinsely L. P. J., Mortimer G. E., Sylvester P., McCulloch M. T., Hergt J. M., and Handler M. R. ( 1997) A simple method for the precise determination of >= 40 trace elements in geological samples by ICPMS using enriched isotope internal standardisation. Chemical Geology 134, 311-326. 
Hemond C., Arndt N. T., Lichtenstein U ., and Hofmann A. ( 1993) The heterogeneous Iceland Plume: Nd-Sr-O isotopes and trace element constraints. Journal of Geophysical Research 98, 16833-15850. 
Sylvester P. J. and Ghaderi M. (1997) Trace element analysis of scheelite by excimer laser ablation-inductively coupled plasma-mass spectrometry (ELA-ICP-MS) using a synthetic silicate glass standard. Chemical Geology 141, 49-65. 
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APPENDIX 3: NOBLE GAS ANALYTICAL 
METHODS 
A3.1 Sample extraction, separation and cleaning 
A3.1.1 Sample extraction 
To obtain olivine and pyroxene separates from the basaltic matrix, basaltic 
samples weighing up to 2 kg were coarsely crushed in a steel jaw-crusher. The rock 
fragments were then sieved using sieve sizes of (a) > 2.34 mm (b) 2.34 mm> x > 1mm, 
(c) 1 mm> x > 420 microns and (d) <420 microns. The grain size fraction that yielded 
the largest number of relatively matrix-free phenocrysts was chosen for analysis. This 
was usually the 2.34 > x > 1mm fraction or the 1 mm> x > 420 micron fraction. 
To obtain glass separates, the vitreous, glassy rind was chiseled to remove it from 
the non-vitreous basaltic portion of the sample. The glass was then crushed to a smaller 
size using a mortar and pestle in order to further separate the glassy from the non-glassy 
portions. The glass was then sieved using the same sieve size fractions as described 
above. The grain-size fraction with the largest chunks of fresh vitreous glass was 
selected for analysis. 
A3.1.2 Mineral separation 
Olivine and pyroxene concentrates were obtained by first using a magnetic 
separator to separate the majority of basaltic matrix material from the phenocrysts. 
Further separation of basaltic matrix and of olivine from pyroxene (where present) was 
accomplished using heavy liquid gravimetry with methylene iodide (CH2I2, which has a 
specific gravity of 3.32 g/cm3). A second stage of magnetic separation was used to 
further purify the olivine or pyroxene separates. 
A3.1.3 Sample cleaning procedure 
The mineral separates were first rinsed once in acetone to remove the methylene 
iodide. Then, olivine and pyroxene separates were placed in a 7 % HF solution in an 
ultrasonic bath for 10 minutes to remove any surface oxidation or particulate matter from 
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the outside of the grains. The samples were then immersed in HCl for a duration of at 
least 30 seconds for the 420 micron< x < 1 mm fraction, and up to 4 minutes for the 1 
mm< x < 2.39 mm fraction. The samples were then rinsed in acetone in the ultrasonic 
bath for half an hour. This process was repeated at least twice. The samples were then 
immersed in ethanol or methanol for 20 minutes in the ultrasonic bath. This process was 
repeated at least once. Finally, the samples were rinsed in deionized water in the 
ultrasonic bath for at least half an hour. This process was repeated at least once. 
Samples were then dried in beakers in a clean oven for at least 5 hours. Samples were 
stored in vials cleaned with acetone or ethanol. 
Basaltic glass samples were cleaned using the same procedure as above for the 
olivine separates, except without the rinses in HF and H Cl because the acids etch the 
glass surface, making it difficult to identify oxidized grains. 
Any remaining impurities in the olivine, glass and pyroxene separates were 
removed by hand-picking under a binocular microscope, with particular attention given to 
alteration and compound olivine/basalt grains. Olivine grains that contained glass 
inclusions were retained. The mineral separates used for analyses typically comprised 3 
to 6 grams of olivine. 
Glass separates were obtained by hand-picking of coarsely crushed fragments 
under a binocular microscope. Glass fragments with oxidation or discoloration were 
discarded, as were fragments that contained visible olivine phenocrysts. Some olivine 
microphenocrysts may have been present in the glass. 
A3.2 Noble gas analyses 
A3.2.1 Equipment 
The following descriptions of the noble gas analytical system are summarized 
from Honda et al. (1993) and Patterson (1992). The noble gas analytical system at the 
Research School of Earth Sciences, Australian National University, consists of two main 
parts, the main sample gas handling system (3100 cm3) and a VG5400 noble gas mass 
spectrometer (1500 cm3). The main gas handling system has four major sections: (1) 
gas extraction; (2) gas purification; (3) the cryogenic charcoal trap; and ( 4) the standard 
gas pipette system (Figure A3-1). A quadrapole gas analyser (AMETEK M200) is also 
fitted to the system and is sometimes used to analyse the abundances of CO2, H2O and 
other non-noble gas species. 
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Main gas handling system 
Gas extraction. Gases are extracted from samples via step-heating in a furnace or by 
crushing under vacuum. (i) The furnace consists of a tantalum crucible and connecting 
tubes. The tantalum crucible is radiatively heated with a resistive tantalum element 
housed in a separately pumped vacuum chamber. The furnace is heated via a 
surrounding heating element made of tantalum sheeting. The heating element is 
surrounded by radiation shields that are also made of tantalum. To protect the crucible 
from corrosion by alloying and reacting with the samples, a disposable molybdenum 
liner was placed in the crucible and samples were heated inside the liner. (ii) The 
crushing apparatus consists of a tungsten carbide piston with a nickel guide that can be 
raised and dropped at a rate of approximately 300 strokes/minute by a magnetic field 
induced in a series of three coils attached to the outside of the vessel (Matsumoto, 1997). 
Prior to crushing the sample, the crushing vessel was degassed by operating the crusher 
without a sample for about 30 minutes. The sample and the crusher were then baked 
under the same conditions as in the stepheating experiments. Procedural blanks were 
determined by operating the crusher without the samples. 
Gas purification. Gases are purified in the section of the line between valves V2 and Vl0 
(Figure A3-l). Purification is achieved using two bulk getters (BG 1 and BG2) 
containing a zirconium alloy, three SAES (R) getters (SAESl, 2 and 3; Milan Italy), a 
titanium filament flash getter and two activated charcoal traps (CFl and CF3). To 
remove active species, the gases were first exposed to BGl, then exposed to BG2 at 
300°C. The bulk getters were subsequently brought to room temperature by cooling with 
compressed air. The gases were then exposed to the SAES getters, one kept at room 
temperature to absorb hydrogen, and the other operated at approximately 250°C to getter 
other active gases. This was followed by exposure to a freshly deposited film of titanium 
from the Ti flash getter and another SAES getter held at room temperature. As a final 
step in the cleaning process, the tungsten filament of the ionsisation gauge (G 1) was kept 
hot under floating mode (where there is no potential between grid and anode of the 
gauge) in order to break down high-order hydrocarbons. 
Cryogenic charcoal trap. A cryogenic charcoal trap was used to separate the noble 
gases prior to analysis. In the first set of experiments (see Table A2-1), the cryogenic 
charcoal trap had a configuration as follows. The cooling head of a double-stage helium 
expansion refrigerator (model 22, CTI Cryogenics) was brought into contact with the 
charcoal trap, which consists of two isolated stainless steel chambers. One of these 
chambers is filled with activated charcoal for the adsorption of noble gases in the 
extraction system. The second chamber is external to the ultra-high vacuum system and 
can be used for rapid cooling of the trap by flushing with liquid nitrogen. For 
temperatures above 60°C, which are necessary to release xenon from the charcoal trap, 
the helium refrigerator head was physically separated from the trap. In the second set of 
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experiments, a new cryogenic charcoal head was installed. This cryogenic charcoal 
assembly had a knife edge-type contact between the charcoal canister and the refrigerator 
head. This cryogenic assembly collected all noble gases below 30 Kelvin (Honda, 1997). 
Two different procedures were used during the course of the experiments in this 
study owing to the change in the configuration of the cryogenic charcoal trap. In the first 
set of experiments, which includes the samples with run numbers 2359-2504 (Table A3-
1 ), all the gases including helium were adsorbed onto the charcoal trap at temperatures 
below 20 K. By means of a heater coil wound around the outside of the trap, the 
temperature was incrementally increased to successively desorb the noble gases so that 
they were released into the gas line for analysis. The charcoal trap was heated to 125 K 
to release helium and neon into the gas extraction line. The gas was expanded into the 
sections of the gas extraction line between V5 and V12 (Figure A3-l). The gas was split 
into two fractions ( 4: 1 by volume) by closing the valve between the mass spectrometer 
and sample handling line. Neon was analysed first (the volume of gas from V9 to V12 
was used to analyse neon), then helium (after pumping away the volume of gas between 
V9 to V12, the second aliquot of gas was expanded from V5 to V12 and was then inlet 
into the mass spectrometer, and the volume from V9 to V12 was used for helium 
analysis). Argon (190 K), krypton (250 K)) and xenon (320 K) were then released into 
the gas line for analysis. 
In the second set of analyses (from run 02679 onwards, Table A3-l), the 
configuration of the charcoal head was changed. Only neon, argon krypton and xenon 
were adsorbed onto the charcoal trap (minimum T = 35 K), and helium remained in the 
gas lines. This helium was analysed, and neon was released at 100 K after helium had 
been pumped away. Argon (190 K), krypton (230 K) and xenon (320 K) were then 
released successively from the charcoal trap into the gas line for analysis. During 
baking, the charcoal trap is heated to 523 K (250 °C). 
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28 Nov 1996 
17 Dec 1996 
21 Jan 1997 
5 Feb 1997 
10 Feb 1997 
28 Feb 1997 
27 Mar 1997 
18 Apr 1997 
9 May 1997 
1 Dec 97 
9 Dec 97 
6 Jan 98 
15 Jan 98 
26 Jan 98 
11 Mar 98 
23 Mar 98 
26 Mar98 
2 Apr 98 
16 Apr 98 
18 Apr 98 
30 Apr 98 
7 May 98 
17 May 98 
25 May 98 
28 May 98 
4 June 98 
8 June 98 
15 June 98 
18 June 98 
28 June 98 
1 July 98 
7 July 98 
10 July 98 
16 July 98 
21 July 98 
27 July 98 
18 Aug 98 
28 Aug 98 
1 Sep 98 
8 Sep 98 
14 Sep 98 
24 Sep 98 
28 Sep 98 
2 Oct 98 
14 Oct 98 
20 Oct 98 
29 Oct 98 
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-9g2p ( discarded) 
-55 gp (discarded) 
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C. Standard gas pipette system. Two noble gas pipettes that are attached to the sample 
system (Fig. A3-l) were used to deliver aliquots of known volume of standard gases 
to calibrate instrumental sensitivity and mass discrimination. The Heavy Gas Pipette 
was prepared from air collected in Canberra. Active gases were removed using hot 
titanium bulk getters. The amounts of 20Ne, 40Ar, 84Kr and 132Xe in one aliquot of 
the Heavy Gas pipette are 2.7 x 10-9, 1.5 x l0-6, 1. 1 x 10-10, and 3.8 x 10-12 cm3STP, 
respectively. These amounts are based on Boyle's Law after correction for 
barometric pressure, temperature and relative humidity when the standard gases were 
collected. The Yellowstone Pipette contains He and Ne collected from the Mud 
Volcano area of Yellowstone National Park, Montana, U.S.A. One aliquot of 
Yellowstone gas contains 1.9 x 10-7 cm3STP of 4He. The Yellowstone pipette is 
used as the primary standard for determining the He mass discrimination factor. 
Figure A3-1, following page. Schematic outline of the RSES, ANU noble gas 
facility, showing the arrangement of the vacuum components. QMS -
quadrupole mass spectrometer, MECH PUMP - mechanical roughing pump, 
SORP PUMP - sorption pump activated by immersion in liquid nitrogen, PG -
Pirani vacuum gauge, IG - ionisation vacuum gauge, BG - titanium and 
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Noble gas analytical methods 
Noble gas mass spectrometer 
Gases were analysed using a VG5400 mass spectrometer. This is a magnetic 
sector, single focusing machine of 27 cm radius with extended geometry. It has a Nier-
type electron bombardment source with a source magnet, and is fitted with two collectors: 
a Faraday cup collector (amplifier feedback resistors of 1010, 1011 and 1012 ohms which 
can be switched externally depending on the beam intensity) with a fixed resolution of 
230; and a Daly multiplier collector, with amplifier feedback resistors of 107, 108 and 109 
ohms with a fixed resolution of 600. The Faraday collector is used to measure 4He and 
the isotopes of Ar. The Daly collector is used to measure 3He and the isotopes of Ne, Kr 
and Xe because of their relatively low abundances. The mass spectrometer operating 
conditions used throughout the period of analyses were: source accelerating voltage, 4.5 
kV; electron ionisation potential, 75 V; trap current, 400 micro Amperes for He and 200 
micro Amperes for the other noble gases; repeller voltage, -3.4 V relative to the source 
chamber. Focus and beam centering conditions were tuned up to maximise beam 
intensity when each noble gas was admitted to the mass spectrometer. The overall gain 
of the Daly collector and photomultiplier when operated at 10 kV and 960 V, respectively, 
was approximately 2 x 106, and varied slightly between noble gases. Noise levels of the 
Faraday and Daly collectors were about 2 x 10-
16 
and 6 to 9 x 10-19 Amps, respectively. 
The data that are recorded include the acquisition time and peak intensity after 
subtraction of background. In order to calculate the "time zero" intensity of the 
reference isotope when the gas was first inlet to the mass spectrometer, a double 
exponential curve is fitted to the observed peak intensity versus time spectrum and the 
initial intensity is calculated by extrapolating the curve back to the gas inlet time (i.e., time 
zero). In order to obtain isotopic ratios, the intensity of the reference isotope is 
interpolated to the time when the other isotopes were measured and isotopic ratios are 
calculated. To obtain the time zero isotopic ratio, an average, linear, exponential or 
polynomial fit is applied to the isotopic ratios as a function of time, and extrapolated back 
to the gas inlet time. 
A3.3 Analytical Procedure 
A3.3.1 Sample loading, baking and outgassing prior to analysis 
Between 3 and 6 grams of sample were split into aliquots of about 0.8 grams 
each and were individually wrapped in tin foil that had been previously rinsed in acetone 
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and dried in an oven. For the run numbers between 02349 - 02504, up to three samples 
were loaded, but it was found that the samples did not melt thoroughly (samples ice-1 a, -
2.la, -2.2b, -10.2 and -11.2 did not melt completely) so that in subsequent runs (run 
numbers > 02679), only one sample was loaded into the sample turret (a carousel with 
ten holes in it that is attached to the top of the extraction furnace). Samples were 
sequentially introduced into the furnace by rotating the carousel to align the hole with the 
cylindrical furnace and. allowing the foil balls to drop. A new molybdenum liner was 
installed within the tantalum crucible each time the vacuum was broken to change 
samples. The samples were baked at about 15O°C, whereas the remaining all-metal 
extraction and purification system \Vas baked at 25O°C for at least 36 hours. After 
baking the noble gas extraction system and prior to running blanks, the furnace (tantalum 
tube and molybdenum liner), was outgassed at 185O°C for up to one hour. 
A3.3.2 Gas extraction 
Gases were extracted from the samples by step-heating or crushing them under 
vacuum. The analytical blanks for these procedures are described below. 
Blanks 
Step-heating experiments 
Samples were step-heated because previous studies have shown that atmospheric 
gases are mainly released in the low temperature steps ( < 900 °C), and mantle components 
in the high temperature steps (> 900°C). Prior to sample analysis, the following procedure 
was used. After baking the noble gas extraction system and prior to running blanks, the 
furnace (tantalum tube and molybdenum liner), was outgassed at 1850°C for up to one 
hour. Blanks run at 1800°C were applied to both 1800°C and 900°C sample runs. Using 
the 1800°C blank for the 900°C step did not result in a significant difference in the isotopic 
ratios of the samples following blank corrections. The range in the size of 1800°C blanks 
prior to olivine runs are as follows: 4He = 4 x 10-12 to 8 x 10-10 cm3STP; 20N e = 2 x 10-
12 to 6 x 10-11 cm3STP; 40Ar = 2 x 10-11 to 8 x lO-8 cm3STP; 84Kr 2 x lO-13 to 3 x 10-11 
cm3STP; 132Xe = 1.2 x lO-14 to 5.3 x lO-13 cm3STP (Table A3-2). Because the gas 
concentrations in glasses are substantially higher than in olivine, less time was spent 
outgassing the furnace prior to glass runs than prior to olivine runs. Blanks prior to step-
heating glasses were run at 1600°C and are within the same range as the 1800°C blanks. 
In most blank measurements, the 3He beam was below detection levels so the 
3He/4He ratio was assumed to be isotopically atmospheric (3He/4He = 1.4 x 10-6). The 
neon isotopic ratios of the blanks varied depending on the abundance of gas (see Data 
Filtering section). The large observed range in the neon isotopic ratios are likely to be 
analytical artefacts and atmospheric neon isotopic ratios were also assumed for the neon 
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blank corrections. Similar behaviour to that seen for neon was also observed in the blank 
ratios for argon, krypton and xenon ratios. 
Crushing experiments 
Crushing experiments are useful to assess the difference between gases trapped in 
inclusions or vesicles versus those in the matrix of glasses or minerals, particularly where 
a cosmogenic component may be present in the matrix. The crusher was run for 5 
minutes at 300 strokes/minute for both samples and blanks. The range in blanks for the 
crushing experiments are: 4He = 2 x 10-11 to 8 x 10-10 cm3STP; 20Ne = 4 x 10-12 to 6 x 
10-11 cm3STP; 40 Ar= 1 x 1O-s to 4 x lO-8; 84Kr = 5 x lO-13 to 1.1 x 10-12; 132Xe = 3 x 
10-14 to 8 x 10-14 (Table A3-2). Following crushing, the sample chamber of the crusher 
was heated to 100°C in order to drive off re-adsorbed gases from the freshly exposed 
sample surf ace. After the gas extraction, the sample was recovered and sieved; the 
crushed sample yield was taken as the fraction less than <150 µm, which was typically 
about 50% of the total sample mass loaded. 
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Table A3-2. Measured analytical banks 
Blank For Blank 4 2°Ne, Daly, Faraday, 84K mx He, r, e, 
sample T°C cm3STP cm3STP 36A 40Ar cm3STP, cm3STP, r, Run no. ice- (lxlff11 ) (1 x lff 11) cm3STP, cm3STP, (lxlff12) (lxlff14) (lxlff11) (lxlff8) 
2347 -4 1800 5.8 0.7 2.5 2.5 5.4 6.9 2366 -la 1800 9.5 1.2 5.0 5.0 5.1 8.9 2368 -la 900 n.a. 0.4 0.8 0.8 0.6 1.6 2387 -2.la 1800 12.2 0.8 8.2 0.8 2.1 3.0 2407 -2.2a 1800 3.8 0.4 1.0 1.0 0.7 1.8 2409 -2.2a 900 0.5 0.4 0.4 0.4 0.5 1.6 2428 -3a 1800 6.0 0.4 n.a. 4.0 4.1 17.3 2446 -2.2b 1800 9.3 0.2 0.8 0.7 1.2 2.1 2466 -3b 1800 4.9 1.0 0.1 0.6 13.6 5.7 2468 -3b 900 7.9 0.4 0.3 0.3 29.6 4.2 2495 -lb 1800 6.4 0.4 0.6 0.6 3.8 8.1 2497 -lb 900 8.7 0.4 0.6 0.6 0.6 n.a. 2677 -11.1 1800 2.1 1.0 0.5 0.5 2.5 18.4 2688 -10.1 1800 1.0 0.9 1.1 1.0 5.2 18.9 2700 -9a 1800 3.7 3.5 8.0 8.3 5.1 
-- ,. 2712 -9b 1800 0.6 2.8 2.4 2.3 11.2 29.1 2730 -9c 1800 3.3 1.1 1.3 1.2 7.2 10.9 2785 -12.1 1800 6.8 2.2 1.2 1.1 0.2 1.2 2803 -30 1800 2.1 1.3 0.7 0.6 1.4 2.1 2815 
-9gl 1600 3.0 2.6 2.6 2.4 9.0 10.2 2826 -9g2 crush 3.9 0.8 1.1 1.0 0.9 2.9 2830 -14 1800 3.8 1.0 1.5 1.3 0.2 2.1 2849 
-54g crush 28.6 2.7 0.0 2.1 0.4 7.6 2851 
-25 1800 3.2 1.4 1.3 1.2 3.9 7.6 2863 
-16 1800 4.6 1.7 1.2 1.1 4.0 5.1 2886 -32.la 1800 2.5 1.6 0.6 0.6 1.6 4.3 2892 
-55g crush 2.2 0.9 1.7 1.5 1.2 3.7 2917 
-18gl crush 14.1 2.0 1.6 1.4 2.0 3.7 2928 
-34 1800 26.5 2.0 1.3 1.1 2.4 4.8 2934 
-18g3 crush 70.3 2.5 2.3 1.9 5.6 6.1 2944 
-19a 1800 5.9 0.8 0.5 0.4 1.7 5.1 2950 
-47 g crush 6.4 1.1 1.2 1.1 2.1 5.3 2957 -32.2gl 1800 4.4 0.9 0.8 0.8 3.6 6.0 2985 -32.2g2 crush 7.7 0.4 1.3 1.1 0.5 4.3 3029 
-18b 1800 3.3 0.6 0.6 0.5 1.3 20.8 3037 
-18g2 1800 8.8 0.8 0.7 0.6 1.8 4.3 3047 -12.2 1800 1.7 0.5 0.8 0.7 1.7 4.3 3057 -10.2 1800 1.4 0.7 0.8 0.8 1.5 5.4 3073 -34PX crush 5.4 1.0 1.2 1.1 3.0 4.5 3080 
-24 1800 1.4 0.5 1.2 1.0 2.5 6.6 3088 -11.2 1800 1.0 0.8 1.9 1.7 1.6 4.0 3096 -19b 1800 0.8 0.5 0.5 0.8 4.7 21.6 3104 -23a 1800 0.4 0.5 n.a. 0.002 9.9 17.7 3112 -9g3 crush 16.0 0.8 0.02 1.0 3.1 5.6 
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A3.3.3 Corrections to the measured data 
Interference corrections 
The resolution of the Daly collector on the VG5400 mass spectrometer is 600, 
hence corrections are needed for interferences from peaks that require resolution greater 
than 600 for separation. In particular, corrections need to be made for 40 Ar++ and 
H2 18o+ on 20Ne; CH2co++ on 21Ne, and CO2++ on 22Ne. For example, to determine 
the interferences of 40Ar++ and H218o+ on the 20Ne peak, the ratio of double to single-
charged 40Ar (i.e., 40Ar++/40Ar+) and heavy to light water (H218Q+/H216Q+) produced in 
the mass spectrometer were determined. During measurement of the neon isotopes, the 
40 Ar+ and H2O 16+ peaks were monitored, and the size of the 40 Ar++ and H218O+ 
interferences on the 20Ne peak were calculated from the 40Ar++140Ar+ and H218O+1H216o+ 
ratios, respectively. A similar process was followed to determine interferences to the 22N e 
peak by CO2++ by determining the CO2++/CO2+ ratio and monitoring of the CO2+ 
peak. On average, the contributions of the 40Ar++, H218o+, CHco++ and CO2++ 
interferences in the samples from this study were equal to 1.3%, 0.1 %, 0.5% and 3%, 
respectively. 
Sensitivities and mass discrimination 
The sensitivities and mass discrimination corrections for the noble gases were 
calibrated at regular intervals, normally at the end of an analytical suite immediately prior 
to breaking the vacuum to change samples. This was accomplished by analysing aliquots 
of known volume and isotopic composition form the standard gas pipettes. Helium was 
calibrated using the Yellowstone (YS) Pipette, and the heavier gases were calibrated using 
the Heavy Gas pipette. The mass discrimination factor is defined as the isotopic ratio of 
the standard divided by the measured isotopic ratio of the standard. The mass 
discrimination factors for helium and neon as applied to each analytical run are listed in 
Table A3-3. These values changed with time; the mass discrimination factor for the 
3He/4He ranged from 2.0 + 0.2 to 1.7 + 0.1; 21Ne/20Ne from 1.018 + 0.007 to 0.995 + 
0.005 and 22Ne/20Ne from 1.028 + 0.008 to 1.021 + 0.008. The helium sensitivity 
increased from 1.33 x 10-5 A/cm3STP to ca. 3 x 10-5 A/cm
3STP when helium was no 
longer adsorbed onto the charcoal trap (Table A3-1). In contrast, the mass discrimination 
factors and sensitivities for the isotopes of argon, krypton and xenon remained relatively 
constant over a long time period, as shown in Table A3-4 for n = 52 analyses of the 
heavy gas pipette. 
Neon isotope analysis 
Possible pressure effects on the neon mass discrimination factors were examined 
by measuring neon isotopic ratios in air neon stored in a gas pipette ( one aliquot contains 
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2.7 x lQ-9 cm3STP of 20Ne) by expansion to reduce the amounts analyzed by two orders 
of magnitude. The neon mass discrimination factors were constant (within~ 1 % ) over 
this pressure range. Thus, no corrections for pressure effects needed to be applied to 
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Table A3-3. Helium and neon sensitivities and mass discrimination factors 
Sample YS 3He/4He Helium Heavy Gas 21Ne/22Ne 22Ne!2°Ne Neon 
Pipette Disc. factor sensitivity Pipette Disc. factor Disc. factor sensitivity ice- Number A/cm3STP Number A/cm3STP 
lxl0-5 lxlo-5 
-4 342-362 2.03 ± 0.23 1.33 ± 0.13 362-369 1.018 ± 0.007 1.027 ± 0.008 5.3 ± 0.2 
-la 342-362 " " 362-369 
II II II 
-2.la 342-362 II " 362-369 
II II II 
-2.lcr 342-362 II II 362-369 
II II II 
-2.2a 342-362 II " 362-369 
II II II 
-3a 342-362 II " 362-369 
II II II 
-2.2b 342-362 II " 362-369 " " " 
-3b 342-362 " " 362-369 " " " 
-lb 342-362 " ti 362-369 " " 
II 
-11.1 404-421 1.95 ± 0.23 3.40 + 0.20 386-404 1.012 ± 0.005 1.024 ± 0.012 4.7 ± 0.9 
-10.1 404-421 " " 386-404 " 
II 
" 
-9a 404-421 " " 386-404 " 
II 
-9b 422-430 1.25 ± 0.08 3.36 ± 0.33 386-404 " 
II II 




-12.1 422-430 " ti 386-404 
II 
" " 
-30 431-436 1.24 ± 0.09 3.52 ± 0.08 386-404 
II 
" " 
-9d 431-436 " " 386-404 
II 
" " 
-9gl 431-436 " II 386-404 " " " 
-9g2 431-436 " II 386-404 
II II II 




-25 443-449 1.9±0.16 3.68 ± 0.17 386-404 
II II " 
-54 443-449 " II 386-404 
II II 
" 
-16 443-449 " " 405-420 0.995 ± 0.005 1.021 ± 0.008 5.5 ± 0.5 
-32.1 451-469 1.71 ± 0.21 3.52 ± 0.17 405-420 " " " 
-55g 451-469 " " 405-420 " " " 
-18g3 451-469 " " 405-420 " " 
It 
-34 451-469 II It 405-420 " 
II II 
-19a 451-469 II II 405-420 
II II II 
-47g 451-469 It " 405-420 
It It " 
-32.2gl 451-469 II II 405-420 
II II 
" 
-32.2g2 451-469 " II 405-420 
It 
" " 
-2d 451-469 " " 405-420 " " " 
-18b 451-469 " " 405-420 " 
It 
" 








-10.2 470-481 1.71 ± 0.14 3.52 ± 0.20 405-420 " " " 
-34px 470-481 " " 405-420 " " " 
-24 470-481 " " 405-420 " " " 
-11.2 470-481 " " 405-420 " " " 
-19b 470-481 " " 405-420 " " " 
-23a 470-481 " " 405-420 " " " 
-9g3 470-481 " II 405-420 " " " 
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Table A3-4. Argon, krypton and xenon sensitivities and mass discrimination factors 
ratio pipette numbers Run number Discrimination factor Sensitivity (lx10-5) 
Argon 361-369 2336- 2505 
36Ar/40Ar 1.015 ± 0.003 17 ± 2 38Ar/40Ar 1.005 ± 0.002 38 Ar/36 Ar Daly 1.007 ± 0.003 
378-403 2528-2839 
36Ar/40Ar 1.016 ± 0.005 22 ± 3 38Ar/40Ar 1.007 ± 0.004 38 Ar/36 Ar Daly 0.997 ± 0.008 
404-420 2844-3119 
36Ar/40Ar 1.016 ± 0.003 25 ± 2 38Ar/40Ar 1.007 ± 0.002 38 Ar/36 Ar Daly 0.996 ± 0.004 
Krypton 361-369 2336- 2505 
80Kr;84Kr 0.967 ± 0.011 16 ± 2 82Kr;84Kr 0.981 ± 0.003 
83Kr;84Kr 0.991 ± 0.003 
86Kr;84Kr 1.015 ± 0.001 
378-403 2528-2839 
80Kr;84Kr 0.978 ± 0.007 13 ± 3 82Kr;84Kr 0.990 ± 0.003 
83Kr;84Kr 0.995 ± 0.002 
86Kr;84Kr 1.008 ± 0.004 
404-420 2844-3119 
80Kr;84Kr 0.979 ± 0.004 18 ± 1 82Kr;84Kr 0.988 ± 0.003 
83Kr;84Kr 0.996 ± 0.002 
86Kr;84Kr 1.010 ± 0.002 
Xenon 361-369 2336-2505 
124xe/132xe 0.958 ± 0.055 43 ± 1 126xe;132xe 1.008 ± 0.048 
128xe;132xe 0.979 ± 0.016 
129xe;l 32xe 0.987 ± 0.014 
130xe/132xe 0.987 ± 0.017 
131Xe/132xe 0.989 ± 0.010 
134xe;132xe 0.999 ± 0.006 
136xe/132xe 1.008 ± 0.007 
378-403 2528-2839 
124xe;132xe 0.994 ± 0.041 43 ± 1 126xe/132xe 1.024 ± 0.063 
128xe;132xe 0.989 ± 0.008 
129Xe/132Xe 0.994 ± 0.005 
130xe;132xe 0.994 ± 0.005 
131 Xe/132xe 0.991 ± 0.003 
134Xe/132Xe 1.002 ± 0.004 
136Xe/132Xe 1.004 ± 0.005 
404-420 2844-3119 
124Xe/132Xe 0.965 ± 0.049 39 ± 1 126Xe/132Xe 0.988 ± 0.054 
128xe;132xe 0.991 ± 0.006 
129xe/132xe 0.993 ± 0.003 
130xe/132xe 0.993 ± 0.005 
131Xe/132xe 0.997 ± 0.005 
134xe/132xe 1.002 ± 0.005 
136xe/132xe 1.007 ± 0.005 
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Data filtering 
The helium and neon abundances measured in the gas released from the samples 
are well above the detection limits calculated from the sensitivity and collector noise of 
the mass spectrometer (detection limits: helium = 3 x 10-14 cm3STP; neon = 2 x 10-14 
cm3STP; argon = 1 x 10-12 cm3STP; krypton = 6 x 10-1s cm
3STP; xenon = 2 x l0-15 
cm3STP). The quality of the data was further evaluated by plotting the isotopic ratio 
versus the absolute abundance of gas in the samples prior to blank correction. Samples 
with helium amounts below 3 x 10-9 cm3STP 4He, and 7 x 10-14 cm
3STP 3He were 
discarded because there was a change in the measured 3He/4He ratios from relatively 
constant values above these gas amounts, but a marked increase at lower amounts. This 
relates to an increase in the uncertainties of the measurements at low gas amounts. The 
neon data were filtered to discard samples with measured amounts of 22N e ( e.g. , before 
blank subtraction) below 1.5 x 10-12 cm3STP, and 21Ne amounts below 8 x 10-14 
cm3STP, because the isotopic ratios were unreasonably scattered below these gas 
amounts. The argon, krypton and xenon data were filtered in a similar fashion to the 
helium and neon data. The values below which data were discarded (listed as "b.c. " or 
below cut-off in Tables 5-1 and 5-2), for argon, krypton and xenon are: 36Ar = 3 x 10-11 
cm3STP, 84Kr = 5 x l0-12 cm3STP, and l30Xe = 5 x 10-14 cm
3STP, respectively. 
Blank Corrections 
Following interference corrections, correction for mass discrimination and data 
filtering, the noble gas data were blank-corrected using the measured blank values in 
Table A3-2. The blank volumes are expressed as a fraction of the total sample gas 
volume in Table A3-5. A 10% uncertainty was assigned to all blanks. The blank level 
expressed as a fraction of the total gas released is shown in Table A3-5. Helium 
constituted 0.001 % to 2%, neon 0 .2 to 14%, argon 0.3 to 80%, krypton 2 to 47% and 
xenon 0.1 to 40% of the total gas released. 
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Table A3-5. Total gas released from Icelandic samples, and blank level as fraction of total 
gas. 
Blank For 4He fraction 20Ne, fraction 40 Ar fraction 84 Kr fraction 132xe fraction Run no. sam~le cm3STP blank cm3STP blank cm3STP blank cm3STP blank blank 
no. -ice lxlo-9 lxlo- 12 lx10-8 lxl0- 11 cm3STP 
lxlo- 13 
2366 -la 19 0.0051 66 0.18 6.07 0.452 2.7 0.19 21 0.043 2495 -lb 28 0.0023 64 0.06 14.59 0.040 2.6 0.15 169 0.005 2387 -2.la 13 0.0094 215 0.04 19.19 0.040 7.1 0.03 46 0.007 2407 -2.2a 10 0.0039 266 0.02 68.56 0.014 13.0 0.01 126 0.001 2446 -2.2b 19 0.0050 62 0.03 2.05 0.254 1.0 0.11 97 0.002 2428 -3a b.c. - 128 0.03 6.86 0.368 b.b. - b.b. 2466 -3b b.c. - 49 0.20 3.18 0.159 b.b. - b.c. 2347 -4 2 0.0376 65 0.11 14.08 0.151 3.1 0.18 32 0.022 2700 -9a 44 0.0008 159 0.22 31.43 0.209 b.b. - 14 0.382 2712 -9b 48 0.0001 79 0.35 1.17 0.663 b.b. - 7 0.397 2730 -9c 33 0.001 b.c. - 1.13 0.514 b.b. - b.c. 9999 -9d . b.c. - b.c. - b.c. - b.c. - b.c. 2815 -9gl 1890 lxlo-5 758 0.03 53.54 0.043 3.6 0.25 33 0.031 2826 -9g2 3649 lxlo-5 1145 0.01 310.86 0.003 3.1 0.03 11 0.027 3112 -9g3 1712 0.0001 2434 0.003 325.44 0.003 8.1 0.04 24 0.023 2688 -10.1 20 0.0005 142 0.06 1.17 0.460 1.5 0.35 36 0.053 3057 -10.2 29 0.0005 94 0.07 1.73 0.316 0.8 0.18 32 0.017 2677 -11.1 12 0.0018 70.1 0.14 1.77 0.220 b.c. - 23 0.081 3088 -11.2 41 0.0002 69 0.12 0.42 0.803 0.3 0.47 b.c. 2785 -12.1 b.c. - 287 0.08 4.00 0.216 0.1 0.16 b.c. 3047 -12.2 6 0.0026 503 0.01 5.33 0.116 2.7 0.06 114 0.004 2830 -14 3 0.0112 116 0.09 2.50 0.342 b.c. - b.c. 2863 -16 70 0.0007 241 0.07 3.67 0.231 1.1 0.37 104 0.005 3029 -18b 35 0.0009 676 0.01 1.63 0.235 0.9 0.15 43 0.049 3037 -18g2 194 0.0046 3279 0.002 9.17 0.061 2.7 0.07 21 0.021 2934 -18g3 62 0.0129 750 0.03 8.43 0.184 b.c. - b.c. 2944 -19a 59 0.0010 713 0.01 43.51 0.009 8.7 0.02 462 0.001 3096 -19b 75 0.0001 98.6 0.05 b.c. b.c - b.c. 3104 -23a b.c. - 144 0.03 0.64 0.56 1.5 0.64 32 0.055 3080 -24 b.c. - b.c. - 1.78 0.360 b.c. - 5 0.140 2851 -25 56 0.0006 308 0.05 2.62 0.314 1.2 0.32 50 0.015 2803 -30 43 0.0005 216 0.06 2.67 0.184 0.6 0.22 7 0.032 2886 -32.la 94 0.0003 971 0.02 3.49 0.147 0.7 0.23 24 0.018 2957 -32.2gl 120 0.0004 2409 0.004 48.93 0.016 6.8 0.05 24 0.025 2985 -32.2g2 18 0.0043 363 0.01 25.15 0.042 1.0 0.05 b.c. 2928 -34 14 0.0189 141 0.14 2.56 0.300 b.c. - b.c. 3073 -34PX b.c. - b.b. - 4.99 0.181 b.c. - b.c. 2950 -47 g 270 0.0002 660 0.02 4.50 0.196 b.c. - b.c. 2849 -54g 18 0.0156 275 0.10 19.10 0.099 0.8 0.05 b.c. 2892 -55g 22 0.0010 171 0.05 18.86 0.074 1.0 0.12 b.c. 
------ -----
A3.4 Error propagation 
For the interference corrections, blank subtractions and reference isotope changes, 
algorithms were used to keep track of correlated errors in isotopic ratios (Honda et al., 
1993). To demonstrate how errors associated with such corrections are propagated, neon 
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data obtained from ice-9g2 are used in the following example. The measured and 
unprocessed 21Ne/20Ne and 22Nef20Ne ratios (reference isotope: 20Ne) were 0.002787 
+ 0.000027 (+ 0.9%) and 0.092165 + 0.000068 (+ 0.07%), respectively (20Ne/22Ne = 
10.85; 21 Ne/22Ne = 0.0302). The quoted errors are one standard deviation, which 
include uncertainties in regression calculation of time-zero extrapolation to gas inlet time. 
The fractions from (1) CO2++, (2) CH2co++, (3) 40Ar++ and (4) H218o+ subtracted 
from the measured amounts of the neon isotopes in ice-9g2 were: (1) 4.5 x 10-3 + 0.5 x 
lO-3; (2) 1.8 x 10-4 + 0.4 x 10-4; (3) 1.4 x lO-3 + 0.3 x lO-3; and (4) 1.1 x 10-4 + 0.4 x 
104 , respectively. After the corrections for interferences and mass discrimination 
(uncertainties determined by repeated analysis of the air neon from the gas pipette), the 
21Ne/20Ne and 22Ne/20Ne ratios were 0.002826 + 0.000032 (1.1 %) and 0.0937 + 
0.0011 (1.2%) (for reference isotope 20Ne = 1.96 + 0.09 x lO-9 cm
3STP/g, 20Ne/22Ne = 
10.67 and 21 Ne/22Ne = 0.0302). The amount of 20Ne in the blank was 7.86 x 10-12 
cm3STP ( + 10%) and atmospheric isotopic ratios were used for blank subtraction. After 
the blank correction the 22Nef20Ne ratio was equal to 0.0931 + 0.0011 and 
21 Ne/20Ne = 
0.002829 + 0.000031; for reference isotope 20Ne = 1.94 + 0.09 x 10-
9 cm3STP/g, the 
20Ne/22Ne and 21Ne/22Ne ratios are 10.74 + 0.07 and 0.0304 + 0.0005, as listed in 
Table 5-1. In addition to the standard corrections for mass interferences, the 
20N e peak 
was scanned for possible interferences from H 19F associated with cleaning the samples 
in HF. Although the 40 Ar++ peak could be seen as a small flat peak overlapping part of 
the 20Ne peak, there was no evidence for interference from HF. Mass 19 was also 
scanned for possible evidence of F, but no peak was visible. 
A3.5 Interferences on 36 Ar and 38 Ar for 
measurements performed on the Daly collector 
The signal to background ratio for the measurements of the 38Ar/36Ar ratio on 
the Faraday are larger than those measured on the Daly collector. This means that 
measurements on the Daly collector are more susceptible to problems caused by small 
interference peaks from hydrocarbons that may be present in the system. During field-
mass scans, small interference peaks (in the range of 0.1 volt for a scan performed for 
run number 02977) were seen on the 36Ar peak (probably W3+ or W4+), and on the 38Ar 
peak (possibly 12C3H2). These interference peaks were not removed even when the gas 
was pumped out of the mass spectrometer during the field-mass scan. When the ratio of 
38Ar to 12C3H2 is relatively small, there is a chance that the 12C3H2 peak is measured 
· instead of the 38 Ar peak. The small interference peaks on mass 38 Ar are probably the 
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explanation for why the 38 Ar/36 Ar ratios measured on the Daly collector are 
systematically higher than those measured on the Faraday for a given amount of 36 Ar (compare Figures A3-2 and A3-3). Owing to these problems with interference peaks, the 
38ArJ36Ar ratios were not used in this study, and the data are instead only shown in Table 
A3-6. 
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Figure A3-2. 38Ar/36Ar versus 36Ar (cm3STP) of individual gas extractions 
and total gas released measured on the Faraday collector. At 36 Ar volumes of less than 4 x 1 Q-9 cm3STP some of the 38 Ar/36 Ar ratios are above or below the 
atmospheric ratio by more than one sigma uncertainty. At lower gas volumes, 











Noble gas analytical methods 
c Daly, individual gas 
extractions 
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Figure A3-3. 38 Ar/36 Ar versus 36 Ar ( cm3STP/g) of individual gas extractions 
and total gas released measured on the Daly collector. Even at relatively high 
gas volumes of greater than 1 x 10-9 cm
3STP, the 38 Ar/36 Ar ratios are higher 
than the atmospheric ratio by more than one sigma uncertainty. At lower gas 
volumes of 4 x 10-10 cm3STP some of the data lie below, and other data lie 
above, the 38 Ar/36 Ar ratio and are significantly different from the atmospheric 
ratio by more than one sigma uncertainty. 
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Table A3-6. Poor quality argon data measured on the Daly and Faraday collectors 
T, °C 36 Ar cm3STP/g 38 Ar/36 Ar Daly 38 Ar/36 Ar Faraday (1 X 10-10) 
-la 
900 1.4 ± 0.1 0.1898 ± 0.0002 0.187 ± 0.001 1800 0.45 ± 0.04 0.194 ± 0.003 0.190 ± 0.004 Total 1.8 ± 0.1 0.1903 ± 0.0005 0.188 ± 0.001 
-1 b 
900 3.2 ± 0.3 0.188 ± 0.001 0.186 ± 0.002 1800 1.0 ± 0.1 0.1853 ± 0.0005 0.183 ± 0.001 1850 0.25 ± 0.02 0.1865 ± 0.0005 0.174 ± 0.003 Total 4.5 ± 0.3 0.1860 ± 0.0004 0.184 ± 0.001 
-2.1 a 
900 4.3 ± 0.4 0.1882 ± 0.0002 0.189 ± 0.002 1800 2.1 ± 0.2 0.1893 ± 0.0005 0.190 ± 0.001 1850 b.c. 
- b.c. ± - b.c. 
Total 6.4 ± 0.5 0.1884 ± 0.0002 0.189 ± 0.001 
-2.2a 
400 0.015 ± 0.003 b.b. 
- b.b. 
700 10 ± 1 0.1890 ± 0.0002 0.188 ± 0.001 900 1.0 ± 0.1 0.1890 ± 0.0005 0.187 ± 0.001 1350 11 ± 1 0.1881 ± 0.0002 0.188 ± 0.001 1800 0.56 ± 0.09 0.1868 ± 0.0003 0.188 ± 0.001 1850 0.08 ± 0.08 0.1892 ± 0.0005 0.180 ± 0.01 1900 0.09 ± 0.08 0.190 ± 0.001 0.170 ± 0.02 Total 22.8 ± 1.5 0.1885 ± 0.0001 0.1876 ± 0.0004 
-2.2b 
400 b.b. - b.b. - b.b. 
800 0.31 ± 0.03 0.1886 ± 0.0007 0.187 ± 0.002 870 b.b. - b.b. - b.b. 
1280 0.034 ± 0.005 b.b. 
- b.b. 
1800 0.18 ± 0.02 0.1869 ± 0.0003 0.182 ± 0.003 1850 b.b. -- b.b. 
- b.b. 
Total 0.53 ± 0.04 0.1880 ± 0.0004 0.185 ± 0.003 
-3a 
900 0.8 ± 0.1 0.1891 ± 0.0005 0.188 ± 0.001 1800 1.0 ± 0.1 0.189 ± 0.001 0.18 ± 0.002 1850 0.12 ± 0.05 b.d. - b.d. 
Total 2.0 ± 0.2 0.1891 ± 0.0007 0.184 ± 0.002 
-3b 
900 0.33 ± 0.03 0.188 ± 0.001 0.169 ± 0.008 1800 0.31 ± 0.03 0.1873 ± 0.0004 0.183 ± 0.006 1850 0.10 ± 0.01 0.1877 ± 0.0006 0.151 ± 0.02 
Total 0.73 ± 0.05 0.1875 ± 0.0005 0.172 ± 0.005 
-4 
900 2.8 ± 0.3 0.1889 ± 0.0003 0.186 ± 0.001 1800 1.6 ± 0.2 0.1894 ± 0.0003 0.186 ± 0.001 1850 0.2 ± 0.1 0.1918 ± 0.0009 0.181 ± 0.006 
Total 4.6 ± 0.4 0.1892 ± 0.0002 0.186 ± 0.001 
-9a 
900 4.6 ± 0.3 0.190 ± 0.001 0.1892 ± 0.0006 1800 5.7 ± 0.4 0.191 ± 0.001 0.19 ± 0.0006 Total 10.3 ± 0.5 0.190 ± 0.000 0.19 ± 0.0004 
-9b 
900 0.08 ± 0.02 0.193 ± 0.002 0.207 ± 0.02 
1800 0.05 ± 0.01 0.204 ± 0.007 0.225 ± 0.05 
1850 0.12 ± 0.02 0.189 ± 0.002 0.191 ± 0.004 
Total 0.25 ± 0.03 0.193 ± 0.002 0.203 ± 0.01 
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T, °C 36Ar cm3STP/g 38Ar!36Ar Daly 38 Ar/36 Ar Faraday 
(1 X 10-10) 
-9c 
900 0.08 ± 0.01 0.190 ± 0.001 0.198 ± 0.01 
1800 0.16 ± 0.01 0.185 ± 0.001 0.18 ± 0.003 
Total 0.24 ± 0.02 0.1866 ± 0.0009 0.186 ± 0.004 
-9d 
crush 0.72 ± 0.05 0.1882 ± 0.0004 0.196 ± 0.006 
-9gl 
700 6.9 ± 0.5 0.1889 ± 0.0007 0.189 ± 0.0006 
1600 4.3 ± 0.3 0.1903 ± 0.0007 0.188 ± 0.001 
Total 11.2 ± 0.5 0.1897 ± 0.0005 0.188 ± 0.0006 
-9g2 
crush 33 ± 2 0.1912 ± 0.0002 0.187 ± 0.001 
-9g3 
crush 72 ± 5 0.1904 ± 0.0002 0.188 ± 0.0007 
-10.1 
900 0.20 ± 0.02 0.191 ± 0.001 0.22 ± 0.01 
1800 0.11 ± 0.01 0.193 ± 0.001 0.192 ± 0.005 
Total 0.31 ± 0.02 0.192 ± 0.001 0.214 ± 0.007 
-10.2 
900 0.31 ± 0.02 0.1913 ± 0.0007 0.191 ± 0.001 
1800 0.17 ± 0.01 0.1927 ± 0.0008 0.192 ± 0.002 
Total 0.49 ± 0.02 0.1918 ± 0.0006 0.191 ± 0.001 
-11. 1 
900 0.22 ± 0.02 0.1922 ± 0.0008 0.189 ± 0.004 
1800 0.27 ± 0.02 0.1873 ± 0.0009 0.188 ± 0.003 
Total 0.49 ± 0.02 0.1895 ± 0.0006 0.188 ± 0.002 
-11.2 
900 b.b. - b.b. - b.b. 
1800 0.04 ± 0.01 0.196 ± 0.003 0.191 ± 0.01 
Total 0.04 ± 0.01 0.196 ± 0.003 0.191 ± 0.01 
-12.1 
900 0.07 ± 0.01 0.188 ± 0.002 n.d. 
1800 1.06 ± 0.07 0.1906 ± 0.0003 0.187 ± 0.002 
Total 1.12 ± 0.07 0.1905 ± 0.0003 0.187 ± 0.002 
-12b 
900 0.94 ± 0.06 0.1903 ± 0.0007 0.188 ± 0.001 
1800 0.49 ± 0.03 0.1899 ± 0.0007 0.188 ± 0.002 
Total 1.43 ± 0.07 0.1901 ± 0.0005 0.188 ± 0.001 
-14 
900 b.c. - b.c. - b.c. 
1800 0.57 ± 0.04 0.1897 ± 0.0008 0.184 ± 0.002 
Total 0.57 ± 0.04 0.1897 ± 0.0008 0.184 ± 0.002 
-16 
900 0.22 ± 0.02 0.190 ± 0.001 0.183 ± 0.003 
1800 0.31 ± 0.02 0.186 ± 0.001 0.191 ± 0.004 
Total 0.53 ± 0.03 0.188 ± 0.001 0.188 ± 0.002 
-18b 
900 0.34 ± 0.02 0.1882 ± 0.0008 0.192 ± 0.002 
1800 0.113 ± 0.009 0 .1918 ± 0.0011 0 .18 7 ± 0.005 
Total 0.45 ± 0.02 0.1891 ± 0.0006 0.191 ± 0.002 
-18g2 
700 0.53 ± 0.04 0.1900 ± 0.0006 0.1893 ± 0.0006 
1500 2.5 ± 0.2 0.1924 ± 0.0007 0.188 ± 0.001 
Total 3.0 ± 0.2 0.1908 ± 0.0005 0.1879 ± 0.0009 
-18g3 
crush 2.8 ± 0.2 0.1901 ± 0.0003 0.185 ± 0.002 
-19a 
900 0.59 ± 0.04 0.1907 ± 0.0007 0.189 ± 0.001 
1800 14.1 ± 0.9 0.1878 ± 0.0006 0.1863 ± 0.0004 
Total 14.7 ± 0.9 0.1879 ± 0.0006 0.1864 ± 0.0004 
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T, °C 36 Ar cm3STP/g 38 Ar/36 Ar Daly 38 Ar/36 Ar Faraday (1 X 1 o-l O) 
-19b 
900 b.c. - b.c. 
- b.c. 
1800 b.c. - b.c. 
- b.c. 
Total b.c. - b.c. 
- b.c. 
-23a 
900 b.b. - b.b. - b.b. 
1800 0.21 ± 0.01 n.d. 
- n.d. 
Total 0.21 ± 0.01 n.d. 
- n.d. 
-24 
900 0.13 ± 0.02 0.185 ± 0.002 0.192 ± 0.006 1800 0.36 ± 0.03 0.1924 ± 0.0009 0.184 ± 0.002 Total 0.49 ± 0.03 0.1904 ± 0.0008 0.186 ± 0.002 
-25 
900 0.08 ± 0.01 0.189 ± 0.001 0.184 ± 0.009 1800 0.32 ± 0.02 0.187 ± 0.001 0.184 ± 0.003 Total 0.41 ± 0.02 0.1877 ± 0.0009 0.184 ± 0.003 
-30 
900 0.18 ± 0.01 0.1900 ± 0.0008 0.185 ± 0.004 1800 0.16 ± 0.01 0.1880 ± 0.0009 0.182 ± 0.004 1850 0.120 ± 0.009 0.1867 ± 0.0010 0.182 ± 0.004 Total 0.46 ± 0.02 0.1884 ± 0.0005 0.183 ± 0.002 
-32.la 
900 0.26 ± 0.02 0.1911 ± 0.0007 0.187 ± 0.003 1800 0.46 ± 0.03 0.1913 ± 0.0007 0.184 ± 0.002 Total 0.72 ± 0.04 0.1912 ± 0.0005 0.185 ± 0.002 
-32cgl 
700 14.5 ± 1 0.1919 ± 0.0006 0.1888 ± 0.0005 1500 1.8 ± 0.1 0.1926 ± 0.0007 0.188 ± 0.001 Total 16.3 ± 1 0.1920 ± 0.0006 0.1886 ± 0.0004 
-32cg2 
crush 8.4 ± 0.6 0.1909 ± 0.0002 0.187 ± 0.001 
-34 
900 0.15 ± 0.02 0.1939 ± 0.0012 0.189 ± 0.005 1800 0.62 ± 0.04 0.1910 ± 0.0008 0.186 ± 0.002 Total 0.77 ± 0.05 0.1916 ± 0.0007 0.187 ± 0.002 
-34PX 
crush 1.6 ± 0.1 0.1934 ± 0.0004 0.191 ± 0.003 
-47g 
crush 1.26 ± 0.09 0.1916 ± 0.0004 0.183 ± 0.003 
-54g 
crush 6.4 ± 0.4 0.1892 ± 0.0002 0.186 ± 0.001 
-55g 
crush 6.3 ± 0.4 0.1893 ± 0.0003 0.186 ± 0.001 
b.b. is below blank, b.c. is below cut-off, and n.d. is not determined. 
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